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A r e sea rch  program w a s  conducted to :  
1. Study and i n v e s t i g a t e  p o t e n t i a l  methods f o r  j o i n i n g  2219 aluminum 
a l l o y  t o  321 s t a i n l e s s  s tee l .  
2. Demonstrate, on a l abora to ry  s c a l e ,  t he  f e a s i b i l i t y  of  adapt ing  
t h e  most promising method t o  product ion requirements.  
Jo in ing  methods were sought which had t h e  p o t e n t i a l  c a p a b i l i t y  of pro- 
ducing l a r g e  diameter  (20 t o  50-inch) c y l i n d r i c a l  assembl ies  wi th  
r e su l t i r -g  s t r u c t u r a l  i n t e g r i t y  fo r  a s e r v i c e  temperature range of 77°F 
t o  -423°F. 
S ta te -of - the-ar t  cognizance was es t ab l i shed  by a comprehensive l i t e r a t u r e  
survey and a n a l y s i s  of p re sen t  technology. The survey and a n a l y s i s  
i n d i c a t e d  t h a t  no p r e s e n t l y  developed method r e a d i l y  s a t i s f i e d  t h e  
j o i n i n g  requirements.  Therefore ,  t h e  t h r e e  most promising methods - 
d i f f u s i o n  bonding, braz ing  and fus ion  welding - were s e l e c t e d  f o r  f u r t h e r  
s tudy  and development i n  t h i s  program. 
T h i s  eva lua t ion  proved d i f f u s i o n  bondicg t o  be t h e  b e s t  method f o r  j o i n i n g  
2219 aluminum a l l o y  t o  321 s t a i n l e s s  s t e e l .  
developed h e r e i n  produced h igh  s t r e n g t h ,  d u c t i l e  j o i n t s  and u t i l i z e d  
d i f f u s i o n  aids as well as low processing temperatures  and s h o r t  bonding 
times t o  e f f e c t i v e l y  c o n t r o l  formation of  e m b r i t t l i n g  phases  a t  t h e  
j o i n t  i n t e r f a c e .  By com?arison, t h e  f u s i o n  welding and b raz ing  methods 
i n h e r e n t l y  r e s u l t e d  i n  formation of e m b r i t t l i n g  phases  a t  t h e  i n t e r f a c e .  
A s  a r e s u l t  o f  this and o t h e r  d i f f i c u l t i e s  a s s o c i a t e d  wi th  processing,  
t h e  f u s i o n  welding and braz ing  methods were shown t o  be less d e s i r a b l e  
than  the  d i f f u s i o n  bondirg method f o r  l a r g e  component jo in ing .  
The unique bonding method 
Successfu l  d i f f u s i o n  bonding w a s  accomplished a t  (1) temperatures  of 
500°F t o  600"F, (2)  p re s su res  of 20 t o  25 k s i  and (3) times o f  2 t o  4 
hours.  The j o i n t  f ay ing  su r faces  were e l e c t r o p l a t e d  wi th  s i l v e r  p r i o r  
t o  bonding. The s i l v e r  prevented t h e  formation of  oxide-f i lm b a r r i e r s  
and prevented formation o f  embr i t t l i ng  phases.  
U t i l i z i n g  t h e s e  process ing  parameters,  t echniques  f o r  d i f f u s i o n  bonding 
of l a r g e  diameter  assembl ies  w e r e  s u c c e s s f u l l y  developed and demonstrated 
by f a b r i c a t i o n  and t e s t i n g  of four 20-inch diameter  j o i n t s .  Hoop stresses 
develcped dur ing  b u r s t  t e s t i n g  exceeded t h e  y i e l d  s t r e n g t h  of the  2219-T62 
aluminum a l l o y .  A unique d i f f u s i o n  bonding method w a s  developed u t i l i z i n g  
s imple d i f f e r e n t i a l  thermal  expansion too l ing .  The method can  be econ- 
omica l ly  adapted t o  product ion  requirements. 
The program e s t a b l i s h e d  t h a t  d i f f u s i o n  bonding i s  t h e  most s a t i s f a c t o r y  
method f o r  j o i n i n g  l a r g e  diameter s t a i n l e s s  s t e e l  t o  aluminum a l l o y  
c y l i n d e r s  and is s u p e r i o r  i n  s t r e n g t h  and r e l i a b i l i t y  t o  welding or 
braz ing  . 
1 
INTRODUCTION 
The des ign  o f  h igh performance f u e l  and cryogenic systems f o r  aerospace 
a p p l i c a t i o n s  r e q u i r e s  e f f i c i e n t  and r e l i a b l e  methods f o r  j o i n i n g  d iss imi-  
lar  metal combinaticns. One of t h e  major d i s s i m i l a r  metal j o i n i n g  
requirements i s  f o r  producing j o i n t s  between aluminum a l l o y  tankage and 
s t a i n l e s s  s tee l  t r a n s f e r  l i n e s .  Aluminum a l l o y s  are used f o r  tanks 
because of  t h e i r  weight advantage while  t he  s t a i n l e s s  s t e e l s  are commonly 
s e l e c t e d  f o r  t r a n s f e r  l i n e s  because of  t h e i r  low thermal conductance, 
good cryogenic p r o p e r t i e s ,  and t h e i r  e x c e l l e n t  performance as f l e x i b l e  
bellows. 
The use o f  mechanically fas tened  j o i n t s  f o r  r e l i a b l e  p r e s s u r e - t i g h t  
des ign  of l a rge  aluminum t o  s t a i n l e s s  s t e e l  p a r t s  r e s u l t s  i n  s e r i o u s  
s i z e  and weight p e n a l t i e s .  Processes  such as braz ing  or welding o f f e r  
t h e  p o t e n t i a l  of g r e a t l y  reducing t h e  s i z e  and weight of t h e s e  j o i n t s .  
Small diameter (up t o  8-inch) t u b u l a r  j o i n t s  between s t a i n l e s s  s t e e l  and 
aluminum a l l o y s  have been s u c c e s s f u l l y  made u t i l i z i n g  so lde r ing ,  b raz ing ,  
and welding techniques.  However, t hese  methods f o r  j o i n i n g  aluminum t o  
s t a i n l e s s  steel r e s u l t  i n  t h e  formation of  e m b r i t t l i n g  phases  a t  the  j o i n t  
i n t e r f a c e .  Fu r the r  development i s  t h e r e f o r e  r equ i r ed ,  i f  such processes  
a r e  t o  be used i n  production. 
metals such as melt ing po in t  and c o e f f i c i e n t  of  thermal  expansion may 
a l s o  present  a d d i t i o n a l  m e t a l l u r g i c a l  and process ing  d i f f i c u l t i e s .  
Furthermore, f a b r i c a t i o n  c h a r a c t e r i s t i c s  of l a r g e  diameter  (20-inch and 
g r e a t e r )  j o i n t s  made by these  processes  were unknown. The d i f f u s i o n  
bonding process  appeared t o  o f f e r  e x c e l l e n t  p o t e n t i a l  f o r  j o i n i n g  diss im- 
i l a r  metal  t u b u l a r  s e c t i o n s .  Only l i m i t e d  informat ion ,  however, was 
a v a i l a b l e  on s p e c i f i c  a p p l i c a t i o n s  of  d i f f u s i o n  bonding f o r  aerospace 
requirements. 
Divergent phys i ca l  p r o p e r t i e s  of  t h e  
Therefore ,  t h i s  development program was undertaken t o  ana lyze  and eva l -  
u a t e  a l l  p o t e n t i a l  j o i n i n g  methods and t o  i n v e s t i g a t e  t h e  b e s t  p rocess  
f o r  j o in ing  l a r g e  diameter  (20-inch t o  50-inch) s t a i n l e s s  s tee l  t o  
aluminum a l l o y  p a r t s .  The major s t r u c t u r a l  c r i t e r i a  which t h e  r e s u l t a n t  
d i s s i m i l a r  metal j o i n t  had t o  meet were t o  wi ths tand  thermal  shock as 
w e l l  as p r e s s u r i z a t i o n  a t  temperatures  from 77°F t o  -423OF. 
The approach i n  t h e  program was t o  s c r e e n  and ana lyze  a l l  p o t e n t i a l  
j o i n i n g  methods i n  t h e  in i t ia l  phase. 
most promising methods were t o  be s e l e c t e d  f o r  exper imenta l  e v a l u a t i o n  
by me ta l lu rg ica l ,  co r ros ion ,  and mechanical proper ty  t e s t s  i n  Phase 11. 
The two most promising methods were then  t o  be eva lua ted  as Phase I11 
work f o r  p o t e n t i a l  p roduct ion  use  by f a b r i c a t i n g  and t e s t i n g  subsca le  
8-inch diameter test  s e c t i o n s .  The most s t r u c t u r a l l y  r e l i a b l e  method 
s e l e c t e d  from t h i s  phase would t h e n  be used i n  Phase I V  t o  f a b r i c a t e  20- 
i nch  diameter j o i n t  assembl ies  under t y p i c a l  product ion  cond i t ions .  
thermal-shock, l eak ,  and b u r s t  t es t s  a t  room temperature  and -320OF were 
t o  be conducted i n  t h i s  f i n a l  phase on t h e  l a r g e  assembl ies .  
me ta l lu rg ica l  analyses were t o  be used throughout  t h e  program i n  t h e  
eva lua t ion  of  a l l  methods. 





The r e s u l t s  of  t h e  program are presented i n  t h e  fol lowing sequence: 
1. Resu l t s  and Conclusions 
2. Analysis  of  Jo in ing  Methods 
3 .  Process  Development 
4. Eight-Inch Diameter Test Assemblies 
5. Twenty-Inch Diameter Test Assemblies 
6 .  Discussion 
3 
RESULTS AND CONCLUSIONS 
1. The ob jec t ives  of t h i s  program were s u c c e s s f u l l y  accomplished 
through t h e  use  of a d i f f u s i o n  bonding method which u t i l i z e s  a 
simple and unique d i f f e r e n t i a l  thermal expansion too l ing .  Due t o  
i ts  s impl i c i ty ,  t h i s  method should be economically adap tab le  t o  
the  product ion jo in ing  of aluminum-to-steel c y l i n d e r s  up t o  50-inch 
diameter. The success fu l  process  parameters  were as fol lows:  
Temperature: 500°F t o  6 0 0 0 ~  
Pressure  : 20 t o  25 K S I  
Time : 2 t o  4 hours 
Dif fus ion  Aid: S i l v e r  e l e c t r o p l a t i n g  of  both 
fay ing  s u r f a c e s  
2. !Twenty-inch diameter  j o i n t  assembl ies  d i f f u s i o n  bonded a t  S O o F  
and 6 0 0 0 ~  success fu l ly  passed c y c l i c  p re s su re  t e s t s  a t  RT and -320°F 
and exhib i ted  b u r s t  t e s t  p re s su res  up t o  670 p s i g  a t  -320OF. 
b u r s t  p ressure  is equiva len t  t o  a hoop stress of 53,600 p s i  which 
exceeds t h e  y i e l d  s t r e n g t h  of  2219-~62 aluminum a l l o y  a t  -320OF. 
These r e s u l t s  demonstrate t h a t  steel-to-aluminum j o i n t s  of high 
s t r u c t u r a l  i n t e g r i t y  can be produced by t h e  d i f f u s i o n  bond method 
which has been developed. 
This  
3. Thermal shock r e s i s t a n c e  and l e a k  t i g h t n e s s  ( a s  determined by helium 
l e a k  de tec t ion  of d i f f u s i o n  bonded j o i n t s )  were s u c c e s s f u l l y  demon- 
strated f o r  t h e  l a r g e  20-inch diameter  aluminum-to-steel assemblies .  
4. I n i t i a l  i n v e s t i g a t i o n  of t he  d i f f u s i o n  bonding parameters  e s t a b l i s h e d  
500°F fo r  4 hours  (and approximately 25 KSI pres su re )  as t h e  b e s t  
d i f f u s i o n  bonding cyc le .  However, on t h e  8-inch and 20-inch diameter  
assemblies ,  s u f f i c i e n t  compressive y i e l d i n g  of  t he  aluminum could not  
be c o n s i s t e n t l y  obtained.  Therefore ,  f o r  l a r g e  diameter  p a r t s ,  6 0 0 0 ~  
f o r  2 hours (approximately 20 KSI p re s su re )  w a s  found t h e  most 
successfu l .  
t h e  f u l l  s t r e n g t h  p o t e n t i a l  of j o i n t s  d i f f u s i o n  bonded a t  W O O F .  
Higher s t r e n g t h  t o o l i n g  m t e r i a l s  are r equ i r ed  t o  ach ieve  
5. Rooin teapera ture  s i n g l e  and double l a p  shea r  s t r e n g t h s  g r e a t e r  t han  
approximately 15,000 p s i  were c o n s i s t e n t l y  obta ined  f o r  t h e  d i f f u s i o n -  
bonded f l a t  specimens. 
t he  j o i n t  s t r e n g t h s  inc reased  approximately 20% and 30%, r e s p e c t i v e l y .  
A t  t e s t  tempera tures  of  -320°F and -423"F, 
6. Corrosion t e s t i n g  i n  t a p  water as w e l l  as 0.1% and 5.0% sal t  solu-  
t i o n s  i n d i c a t e s  that s i l v e r - p l a t e d  diffusion-bonded j o i n t s  should 
be kept  f r e e  of water o r  moisture  condensa t ion  by a p p l i c a t i o n  of 
p r o t e c t i v e  coa t ings  o r  f i n i s h e s  o r  by use  i n  a low humidity environ-  
rnent. 
7. Diffusion-bonded j o i n t s  a r e  s u p e r i o r  i n  d u c t i l i t y  and r e l i a b i l i t y  
when compared wi th  j o i n t s  made by convent iona l  p rocesses  such as 
welding and brazing.  The d i f f u s i o n  bonding method developed 
permi ts  r i g i d  c o n t r o l  of  t h e  t ime-temperature-pressure parameters  
and e f f e c t i v e l y  c o n t r o l s  t h e  formation of  e rnb r i t t l i ng  phases  a t  
the  j o i n t  i n t e r f a c e .  
5 
ANALYSIS  OF JOINING METHODS 
A survey and a n a l y s i s  of p re sen t  technology r e l a t e d  t o  t h e  j o i n i n g  of  
d i s s i m i l a r  n e t a l s  were conducted. From t h e  a n a l y s i s ,  f i v e  j o i n i n g  
p rocesses  which warranted cons ide ra t ion  f o r  j o i n i n g  321  s t a i n l e s s  s t e e l  
t o  2219 aluminum a l l o y  were se l ec t ed .  Resu l t s  of t h e  l i t e r a t u r e  survey 
are presented i n  Appendix A. The s tudy  revealed t h a t  so lde r ing ,  braz ing ,  
fu s ion  welding, e l e c t r o n  beam welding and d i f f u s i o n  bonding have been 
used t o  j o i n  s t a i n l e s s  s t e e l  t o  aluminum a l l o y s .  Each o f  t hese  methods 
w i l l  be discussed and analyzed below as a p p l i c a b l e  t o  l a r g e  diameter  
j o i n t s  f o r  s t r u c t u r a l  a p p l i c a t i o n  from 77°F t o  -423OF. 
S t a i n l e s s  s t ee l  can  be so ldered  t o  aluminum a l l o y s  by the  use of a z inc  
base s o l d e r  and a n  a c t i v e  f l u x ,  o r  by us ing  a t in - l ead  s o l d e r  i f  both 
meta ls  a r e  e l e c t r o p l a t e d  o r  pre t inned  p r i o r  t o  making the  j o i n t .  These 
p rocesses  have the  advantage of being accomplished a t  r e l a t i v e l y  low 
temperatures.  However, t h e  h ighes t  repor ted  j o i n t  s t r e n g t h s  obta ined  by 
s o l d e r i n g  are considered inadequate  t o  meet t h e  o b j e c t i v e s  o f  t h i s  pro- 
gram. 
Brazing s t a i n l e s s  s t e e l  t o  aluminum is  a developed process  and is 
c u r r e n t l y  being used i n  s e v e r a l  p roduct ion  a p p l i c a t i o n s .  The Boeing 
Company has used v a r i a t i o n s  of t h i s  process  f o r  j o i n i n g  s t a i n l e s s  s t e e l  
t o  aluminum tubing  having d iameters  ranging from 0.75 inch  t o  6.0 inch .  
S a t i s f a c t o r y  shea r  s t r e n g t h s  were obta ined  even though a b r i t t l e  phase 
( i ron-aluminide)  formed a t  t h e  i n t e r f a c e .  The e f f e c t  o f  t h i s  b r i t t l e  
phase w a s  minimized by s e l e c t i n g  a j o i n t  des ign  which avoided p e e l  type  
loading.  In  gene ra l ,  t he  braz ing  p rocess  r e q u i r e s  precoa t ing  t h e  s t a i n -  
l e s s  s t e e l  followed by braz ing  wi th  the  718 a l l o y .  Brazing temperatures  
a r e  approximately 1100OF. A major problem i n h e r e n t  i n  braz ing  i s  t h e  
d i f f e r e n c e  i n  c o e f f i c i e n t s  of thermal expansion of  t he  two a l l o y s .  
Indus t ry  r e s u l t s  i n d i c a t e  t h a t  b raz ing  could be used t o  j o i n  20-inch 
diameter  s t a i n l e s s  s t e e l  t o  aluminum a l l o y  tubing.  However, develop- 
ment of t h e  process ing  techniques would be r equ i r ed  t o  improve j o i n t  
d u c t i l i t y  and t o  c o n t r o l  d i f f e r e n t i s l  expansion i n  the  l a r g e  d iameter  
p a r t s .  
Fusion welding has been s u c c e s s f u l l y  used t o  j o i n  s t a i n l e s s  s t e e l  t o  
aluminum. Fusion welding r e q u i r e s  t h a t  t h e  s t a i n l e s s  s t e e l  be pre-  
coated wi th  a metal  which w i l l  permit we t t ing  du r ing  welding. 
formaticn of b r i t t l e  i n t e r m e t a l l i c s  a t  t h e  i n t e r f a c e  are d i f f i c u l t  t o  
con t ro l .  
t h i s  method a t  Boeing. J o i n t  q u a l i t y  is d i r e c t l y  dependent on t h e  
weldor ' s  c a p a b i l i t y  t o  c o n t r o l  fus ion .  App l i ca t ion  of t h i s  p rocess  t o  
r e l i a b l e  product ion of l a r g e  diameter  j o i n t s  would r e q u i r e  p recoa t ing  
and f u s i o n  welding c o n t r o l  eva lua t ions .  
The 
J o i n t s  up t o  six i nches  i n  d iameter  have been produced by 
The e l e c t r o n  beam welding p rocess  was eva lua ted  by The Boeing Conpany 
on the  X-20 program f o r  j o i n i n g  s t a i n l e s s  s t ee l  t o  aluminum. I n  t h i s  
work a square b u t t  groove j o i n t  wi th  copper t r a n s i t i o n  material w a s  used. 
However, a continuous i n t e r g r a n u l a r  network of  CuA12 formed a t  t h e  
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i n t e r f a c e  r e s u l t i n g  i n  a b r i t t l e  j o i n t .  Lap j o i n t s ,  r e q u i r i n g  f i l l e t  
welds are not r e a d i l y  amenable t o  e l e c t r o n  beam welding due t o  d i f f i c u l t y  
i n  ob ta in ing  adequate f i l l e t  s i z e .  The e l e c t r o n  beam welding process  
does not  appear  f e a s i b l e  f o r  j o i n i n g  large-diameter  d i ss imi la r -meta l  
j o i n t s .  
. .;. 
S t a i n l e s s  s t e e l  has been success fu l ly  d i f f u s i o n  bonded t o  aluminum 
a l l o y s  as descr ibed  i n  U. S. Patent  2,908,073 and by o t h e r  i n v e s t i g a t o r s .  
The major advanttige of t h i s  process  is t h a t  i t  can  produce void-free 
j o i n t s  having high s t r e n g t h  and good d u c t i l i t y .  
minimum of  b r i t t l e  in te rmedia te  p h a s e s  due t o  the  low bonding tempera- 
t u r e s  (6000-9000~) and s h o r t  t imes used. 
process ,  as developed, is the  high deformation o r  p l a s t f c  flow of t h e  
aluminum which is  requi red  t o  break the  oxide f i l m  on the  s u r f a c e s  of  
t h e  metals being joined.  Based on t h i s  s tudy ,  d i f f u s i o n  bonding appeared 
t o  o f f e r  growth p o t e c t i a l  f o r  j o in ing  s t e e l  t o  aluminum. Considerable 
work, however, would be requi red  t o  develop techniques  and t o o l i n g  f o r  
20-inch diameter  t u b u l a r  j o i n t s .  
The j o i n t s  con ta in  a 
The major disadvantage of  t h e  
Based on the  foregoing s tudy and a n a l y s i s ,  t h e  t h r e e  most promising 
processes  f o r  j o in ing  l a r g e  diameter s t a i n l e s s  s t e e l  t o  aluminum a l l o y  
tube j o i n t s  were s e l e c t e d  f o r  f u r t h e r  developmect. These were (1) 
fus ion  welding, (2) b raz ing  and (3)  d i f fus io l i  bonding. 
A s tudy  was then conducted t o  s e l e c t  the  most d e s i r a b l e  j o i n t  des ign  
f o r  comparative eva lua t ion  of these  t h r e e  j o i n i n g  processes .  A l a p  type  
j o i n t  was s e l e c t e d  i n  o r d e r  t o  ob ta in  maximum j o i n t  s t r e n g t h  f o r  t h i s  
app l i ca t ion .  
Figure 1 shows t h a t  2219 aluminum a l l o y  has  a thermal  con t r ac t ion  which 
is approximately 30% g r e a t e r  thar. s t a i n l e s s  s t e e l .  
c o n t r a c t i o n  o f  t he  aluminum a l l o y  a t  the lower s e r v i c e  temperature 
range (77°F t o  -423OF) the  aluminum should be on the  o u t e r  s u r f a c e  t o  
g ive  the  most r e l i a b l e  j o i n t .  The j o i n t  conf igu ra t ions  s e l e c t e d  f o r  
each of  t h e  processes  are shown i n  Figure 2. 
Due t o  the  g r e a t e r  
FIGURE 2: 
JOINT DESIGN FOR BRAZING, WELDING AND DIFFUSION BONDING 
7 
The j o i n t s  were designed t o  have a n  over lap  of  approximately 1.0 inch .  
T h i s  type  of j o i n t  p reven t s  t h e  entrapment o f  co r ros ive  c l ean ing  solu- 
t i o n s  and fo re ign  p a r t i c l e s  i n  the  j o i n t  fay ing  s u r f a c e  and allows f o r  
v a r i a t i o n  o f  j o i n t  i n t e r f a c e  area depending on the  shea r  s t r e n g t h  
requi red .  
PROCESS DEVELOPMENT 
An i n v e s t i g a t i o n  was conducted t o  determine t h e  b e s t  t echniques  f o r  
j o i n i n g  321 stainless s t ee l  to  2219 aluminum a l l o y  by brazing,  f u s i o n  
welding and d i f f u s i o n  bonding. The goa l s  of t h i s  i n v e s t i g a t i o n  were: 
(1) t o  develop techniques which would improve the  d u c t i l i t y  of  brazed 
and welded j o i n t s ,  and (2) t o  develop d i f f u s i o n  bonding methods a p p l i -  
cab le  f o r  j o i n i n g  large diameter  cy l inde r s .  
The t e s t  work was conducted i n  two phases ;  p re l iminary  and f i n a l  pro- 
c e s s  development. I n  t h e  first phase  a pre l iminary  i n v e s t i g a t i o n  was 
made on t h e  three j o i n i n g  processes  t o  eva lua te  t h e  e f f e c t  o f  va r ious  
techniques on t h e  m e t a l l u r g i c a l  c h a r a c t e r i s t i c s  and mechanical proper- 
t i e s  of j o i n t s .  I n  t h e  second phase, t h e  two s e l e c t e d  processes  were 
r e f i n e d  f o r  product ion app l i ca t ion ,  and were f u r t h e r  eva lua ted  by 
mechanical and co r ros ion  t e s t i n g .  
PRELIMINARY PROCESS DEVELOPMENT 
BRAZING 
A review of braz ing  processes  ind ica t ed  that d i p  braz ing  w a s  t h e  b e s t  
and most commonly used method f o r  producing brazed l a p  j o i n t s .  
no s u i t a b l e  braz ing  a l l o y  has been developed which w i l l  permit  d i p  
braz ing  of t h e  2219 aluminum a l loy .  Due t o  t h e  low mel t ing  p o i n t  of  
t h e  2XXX ser ies  A1-Cu a l l o y s ,  they cannot be d i p  brazed wi th  p r e s e n t l y  
a v a i l a b l e  braz ing  a l l o y s .  Therefore , t he  6061 aluminum a l l o y ,  which 
is compatible wi th  t h e  r equ i r ed  process  temperature,  was used i n  sub- 
sequent  braz ing  i n v e s t i g a t i o n s .  
f u s i o n  welded t o  2219 and the re fo re  used as a t r a n s i t i o n  tube  between 
t h e  s t a i n l e s s  s t e e l  r i n g  and t h e  2219 tube assembly. 
However, 
The 6061 aluminum a l l o y  could be 
I n  genera l ,  t h e  s t a i n l e s s  s teel  must be coated p r i o r  t o  braz ing  wi th  a 
metal which w i l l  promote t h e  necessary wet t ing  a c t i o n .  Previous ly ,  
The Boeing Company had evaluated a n  aluminizing p rocess  f o r  this purpose. 
Dipping the  stainless s t e e l  i n  molten 1100 aluminum a l l o y  a t  l 3 W 0 F  
produced a n  aluminized s u r f a c e  which contained a t h i c k  iron-aluminide 
zone a t  the  steel-aluminum i n t e r f a c e  as shown i n  Figure 3 A .  Th i s  coa t ing  
permi t ted  braze  j o i n t s  between s t a i n l e s s  s t e e l  and aluminum t o  be made 
which exh ib i t ed  shea r  s t r e n g t h s  of 15,000 t o  20,000 p s i .  However, t he  
j o i n t s  were extremely b r i t t l e  i n  a p e e l  tes t .  
The ob jec t ive  of t h e  braz ing  i n v e s t i g a t i o n s  conducted dur ing  this 
program was t o  c o n t r o l  t h e  formation of b r i t t l e  i n t e r m e t a l l i c  phases 
i n  t h e  braze j o i n t .  S ince  t h e  formation of excess ive  iron-aluminide 
appeared t o  be unavoidable i n  t h e  a luminiz ing  p rocess  prev ious ly  
descr ibed ,  t he  a luminiz ing  process  w a s  avoided by us ing  0.0005-inch 
t h i c k  e l e c t r o p l a t i n g s  of var ious  metals which would wet o r  a l l o y  wi th  
718 aluminum braze  a l l o y  at 1100OF. S i l v e r ,  copper,  t i n  and z i n c  
were chosen as e l e c t r o p l a t e  m a t e r i a l s .  Preheated specimens were brazed 
9 
a t  1100°F i n  Parke "E" f l u x  f o r  2 minutes. The t e s t s  showed t h a t  
s i l v e r ,  copper and t i n  permi t ted  good wet t ing  and f i l l e t i n g  dur ing  
brazing.  The z inc  p l a t i n g  d id  not  permit proper  wet t ing  of t h e  s t e e l .  
Pee l  t e s t i n g  of t he  brazed specimens, which were s i l v e r ,  t i n  o r  copper 
p rep la t ed ,  r e s u l t e d  i n  a f a i l u r e  occurr ing  randomly through t h e  braze 
a l l o y  and through t h e  d i f f u s i o n  zone a t  the  su r face  of t h e  s tee l .  
Considerable deformation of t h e  aluminum s i d e  of  t h e  l a p  j o i n t  occurred 
dur ing  peel  t e s t i n g .  Metal lographic  examination of t hese  brazed spec i -  
mens showed that a l l  contained a r e l a t i v e l y  t h i n  d i f f u s i o n  zone. The 
photomicrograph on Figure  3 B  shows t h e  narrow d i f f u s i o n  zone of  a 
copper p l a t ed  brazed specimen, and i s  t y p i c a l  of  t h a t  produced by t i n  
and s i l v e r  p l a t e d  su r faces .  
The r e s u l t s  of t h e s e  t es t s  i n d i c a t e  t h a t  a more d u c t i l e  brazed j o i n t  
is produced by i n i t i a l l y  e l e c t r o p l a t i n g  wi th  s i l v e r ,  copper o r  t i n  
t han  by the prev ious  p rocess  of  a luminiz ing  wi th  1100 aluminum a l l o y .  
U t i l i z a t i o n  of  this d i p  braz ing  process ,  however, f o r  l a r g e  diameter  
j o i n t s  would r e q u i r e  cons iderable  t o o l i n g  and p rocess  development 
because problems a s s o c i a t e d  wi th  t h e  thermal  expansion d i f f e r e n c e s  and 
t h e  r e l a t i v e l y  long time a t  braz ing  temperature.  
FUSION WELDING 
A s  i n  t h e  braz ing  process ,  f u s i o n  welding r e q u i r e s  t h a t  t h e  s t a i n l e s s  
s t e e l  be precoated wi th  a metal which w i l l  pe rmi t  we t t ing  by a molten 
aluminum a l l o y  dur ing  j o i n i n g  of s t a i n l e s s  s t e e l  t o  aluminum. The 
Boeing Company had p rev ious ly  used a n  a luminiz ing  p rocess  f o r  t h i s  
purpose wherein the  s t a in l e s s  s t e e l  was dipped i n t o  molten 1100 aluminum 
a l l o y  a t  13000F. T h i s  method produces a r e l a t i v e l y  t h i c k  d i f f u s i o n  zone 
conta in ing  b r i t t l e  i ron-aluminides .  Because t h e  t o t a l  a luminized l a y e r  
is t h i n  with r e spec t  t o  t h e  s i ze  of t he  j o i n t ,  subsequent welding caused 
f u r t h e r  iron-aluminide development. Considerable  d i f f i c u l t y  wi th  under- 
bead cracking had previous ly  been encountered du r ing  welding due t o  t h e  
in f luence  of t hese  b r i t t l e  i n t e r m e t a l l i c s .  It w a s  ev ident  that a n  
improvement i n  t h e  p rocess  f o r  p recoa t ing  t h e  s t a i n l e s s  s t e e l  was needed 
f o r  t h e  success fu l  a p p l i c a t i o n  of fus ion  welding t o  t h i s  program. 
Methods f o r  apply ing  a t h i c k  aluminum c o a t i n g  having a minimum of i r o n -  
a luminide a t  the  s tee l  i n t e r f a c e  were i n v e s t i g a t e d  p r i o r  t o  t h e  
eva lua t ion  of  fus ion  welding. 
Alumi n i z i  np: 
The i n v e s t i g a t i o n  of a luminiz ing  processes  c o n s i s t e d  of a comparison of  
t h e  manual a p p l i c a t i o n  of  718 aluminum a l l o y ,  as well  as t h e  a p p l i c a t i o n  
of  718 and 1100 aluminum a l l o y s  by plasma a r c  spraying ,  t o  t h e  d ipping  
p rocess  f o r  t h e  product ion  of  a n  aluminized l a y e r .  
e l e c t r o l y t i c  p r e p l a t i n g s  .OOO5 i nches  t h i c k  of s i l v e r ,  copper ,  t i n ,  and 
z inc  as well  as unpla ted  s t a i n l e s s  s tee l  were used i n  each process .  
The techniques used f o r  t h e  t h r e e  p rocesses  f o r  a luminiz ing ,  i .e . ,  
dipping,  manual and plasma a r c ,  are desc r ibed  below. 
Specimens wi th  
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The photomicrographs shown i n  Figure 6 i l l u s t r a t e  t y p i c a l  coa t ings  
produced by plasma a r c  spraying:  
Figure 6 A  shows a photomicrograph of a n  aluminized,  copper-preplated,  
s t a i n l e s s  s t e e l  specimen which was d i f f u s i o n  h e a t  treated i n  a n  ll5OOF 
sal t  ba th  a f te r  plasma a r c  spraying. The coa t ing  shown c o n s i s t s  of a n  
aluminum-copper hypereutec t ic  s t r u c t u r e  wi th  a t h i n ,  complex, i r o n -  
a luminide d i f f u s i o n  zone between t h e  coa t ing  and t h e  s t a i n l e s s  s t e e l  
base metal. During t h e  bend tes t ,  c r acks  in i t i a r t ed  i n  t h e  c o a t i n g  and 
propagated through the  iron-aluminide d i f f u s i o n  zone. 
Figure 6B shows a photomicrograph of a n  aluminized,  s i l v e r - p r e p l a t e d ,  
s t a i n l e s s  s t e e l  specimen d i f f u s i o n  hea t  t r e a t e d  i n  a n  l150°F salt b a t h  
a f te r  spraying. 
hype reu tec t i c  s t r u c t u r e .  Small c racks  occurred i n  t h e  complex i ron -  
alumini.de d i f f u s i o n  zone between t h e  coa t ing  and t h e  s t a i n l e s s  s t e e l  
base metal. 
The coa t ing  shown c o n s i s t s  of  a n  aluminum-silver 
Weldine: 
The 2219 aluminum a l l o y  w a s  f i l l e t  welded t o  a luminized 321 s t e e l .  
P r i o r  t o  welding, t h e  s teel  had been aluminized both  by d ipping  i n  
f l u x  covered,molten 1100 aluminum (1300-1325OF - 15 sec . )  and by manual 
a p p l i c a t i o n  of 718 aluminum a l l o y  t o  f l u x  coated 321 s tee l .  
manual a p p l i c a t i o n ,  t h e  s t e e l  was heated by conduction from a heated 
copper mandrel. 
s t e e l  was a t  a temperature  of approximately 1100OF. 
made manually wi th  4043 aluminum a l l o y  f i l l e r  wire by t h e  GTA method 
us ing  a n  AC power supply. 
During 
The 718 a l l o y  was a p p l i e d  wi th in  30 seconds while  the 
F i l l e t  welds were 
The welded specimens were p e e l  t e s t e d  t o  determine t h e  adherence of t h e  
aluminized coa t ing .  The f i l l e t  weld of  t h e  specimens aluminized by t h e  
manual process  wi th  t h e  718 aluminum a l l o y  f a i l e d  through t h e  t h r o a t  of 
t h e  weld. F rac tu re  occurred i n  t h e  weld metal  w i th  t h e  aluminized 
c o a t i n g  remaining on t h e  steel .  I n  c o n t r a s t ,  t h e  weld specimens which 
had been aluminized by t h e  d i p  process  with 1100 a l l o y  a t  1300OF f a i l e d  
by pee l ing  a t  t h e  aluminum coa t ing - s t ee l  i n t e r f a c e .  F rac tu re  w a s  
through t h e  b r i t t l e  iron-aluminide d i f f u s i o n  zone. 
t h a t  t h e  a luminiz ing  process  which used t h e  manual a p p l i c a t i o n  of t h e  
s i l i c o n  r i c h  718 a l l o y  w i l l  r e s u l t  i n  a more d u c t i l e  and more r e l i a b l e  
weld because of  t h e  suppress ion  of t h e  formation o f  t h e  iron-aluminide 
phase. 
The r e s u l t s  i n d i c a t e  
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The a p p l i c a t i o n  of 1100 aluminum a l l o y  w a s  accomplished by d ipping  the  
s t a i n l e s s  s t e e l  i n  a f l u x  covered, molten 1100 aluminum a l l o y  ba th  f o r  
15 seconds a t  1300-1325°F. 
Manual a p p l i c a t i o n  of t h e  718 aluminum a l l o y  w a s  accomplished by hea t ing  
f l u x  covered specimens t o  1100 f 25OF. 
l e n e  flame were eva lua ted  as hea t  sources .  
Both qua r t z  lamps and a n  oxyacety- 
Applicat ion of 718 and 1100 aluminum a l l o y s  by plasma a r c  spraying  was 
followed by d i f f m i o n  hea t  t reatment .  Di f fus ion  t rea tment  temperatures  
ranged from lOOOOF t o  ll5OOF f o r  times of 30 seconds t o  f i v e  minutes. 
One s e r i e s  of specimens w a s  heated i n  molten braz ing  sal t ,  a second w a s  
heated by quartz  lamps i n  a i r ,  and a t h i r d  was heated i n  a furnace r e t o r t  
wi th  a n  argon gas atmosphere. 
Af te r  a luminizing,  t h e  specimens were bent  t o  a one i n c h  r a d i u s  and 
examined meta l lographica l ly  t o  determine the  d i f f u s i o n  zone c h a r a c t e r i s -  
t i c s  and the  d u c t i l i t y  of  t h e  coa t ing .  The r e s u l t s  of t h e  m e t a l l u r g i c a l  
i n v e s t i g a t i o n  are shown i n  Table I. 
The eva lua t ion  of t hese  t e s t s  is summarized below. 
A l l  specimens aluminized by t h e  d i p  coa t ing  process ,  whether bare  cond i t ion  
o r  prep la ted  p r i o r  t o  a luminizing,  were b r i t t l e  and produced cracks  dur ing  
bend t e s t i n g .  I n  a l l  c a s e s  a broad iron-aluminide d i f f u s i o n  zone devel-  
oped which was re spons ib l e  f o r  the  c racks .  
micros t ruc ture  of a n  aluminum coa t ing  produced by t h i s  process .  Regard- 
l e s s  of  su r f ace  p repa ra t ion  used, t h e  s t a i n l e s s  s t e e l  could not  be 
s a t i s f a c t o r i l y  aluminized wi th  t h e  1100 aluminum a l l o y  because of t he  
r ap id  formation of iron-aluminide which e m b r i t t l e s  t he  coa t ing .  
Figure 4 shows a t y p i c a l  
The specimens on which 718 aluminum a l l o y  had been manually app l i ed  t o  
f l u x  coated stainless s t e e l  showed s a t i s f a c t o r i l y  a luminized su r faces .  
Figure 5 shows the  mic ros t ruc tu re  of a 321 stainless s t e e l  specimen 
aluminized by t h i s  method. 
s t r u c t u r e  which is  more d u c t i l e  than  the iron-aluminide phase produced 
by the  process  of d i p  coa t ing  wi th  1100 a l l o y  a t  1300°F. The i n f l u e n c e s  
of s h o r t  time, lower p rocess  temperature,  and h igh  s i l i c o n  composition 
of t he  718 a l l o y  combine t o  suppress  t h e  formation of t he  b r i t t l e  i r o n -  
aluminide i n t e r m e t a l l i c .  
between the  s t a i n l e s s  s t e e l  and t h e  aluminum coat ing .  
proved t o  be d u c t i l e  dur ing  t h e  bend tes t .  
t he  most f e a s i b l e  f o r  a luminiz ing  s t a i n l e s s  s tee l .  
The coa t ing  c o n s i s t s  of  a coa r se  e u t e c t i c  
P r a c t i c a l l y  no d i f f u s i o n  can be observed 
The coa t ing  
This  p rocess  appears  t o  be 
The plasma a r c  method produced a n  u n s a t i s f a c t o r y  c o a t i n g  r e g a r d l e s s  of 
t h e  type of  e l e c t r o p l a t e d  s u r f a c e s  o r  d i f f u s i o n  h e a t  t rea tment  used. 
a majori ty  o f  t he  t e s t s  conducted, t h e  c o a t i n g s  f a i l e d  i n  t h e  bend t e s t  
because of poor  d u c t i l i t y .  
poor wet t ing  of t h e  s t e e l  r e s u l t i n g  i n  uncoated areas. 
I n  
maminat ion  of t he  coa ted  specimens showed 
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DIFFUSION BONDING 
Dif fus ion  bonding r e q u i r e s  that the j o i n t  materials be i n  i n t i m a t e  con- 
t a c t  and that t h e  parameters  of time, temperature and p res su re  be 
c r i t i c a l l y  c o n t r o l l e d  t o  permit  i n t e r d i f f u s i o n  of atoms a c r o s s  t h e  j o i n t  
i n t e r f a c e .  General ly ,  the  h igher  t h e  temperature ,  t he  lower the  time and 
p res su re  requi red .  
l a r g e  diameter  c y l i n d e r s ,  t h e  magnitude of t he  p re s su re  must be minimized 
t o  (1) prevent  excess ive  compressive y i e l d i n g  of t h e  s t r u c t u r a l  aluminum 
component and (2) t o  a l low f o r  design of t o o l i n g  which i s  not  t o o  massive 
and complex. 
I n  t h e  a p p l i c a t i o n  of d i f f u s i o n  bonding f o r  j o i n i n g  
Other i n v e s t i g a t o r s  have repor ted  ob ta in ing  accep tab le ,  void-free aluminum- 
t o - s t e e l  j o i n t s  when us ing  deformation as h igh  as 25 p e r  c e n t  of  t he  
aluminum thickness .  However, i n  o rde r  t o  reduce p res su re  and t h e  r e s u l t a n t  
compressive y i e l d i n g  of aluminum, a new approach was requ i r ed  f o r  t h e  
a p p l i c a t i o n  of d i f f u s i o n  bonding t o  l a r g e  diameter  assemblies .  
The fol lowing d e s c r i b e s  the  prel iminary i n v e s t i g a t i o n  t o  determine methods 
f o r  adapt ing  t h e  d i f f u s i o n  bonding p rocess  t o  j o i n i n g  l a r g e  diameter  321 
s t a i n l e s s  s t e e l  t o  2219 aluminum a l l o y  parts. 
Tooling Analysis  
P r i o r  t o  s t a r t i n g  t h e  d i f f u s i o n  bonding p rocess  development, a s tudy w a s  
made t o  determine f a b r i c a t i n g  methods by which bonding p res su re  could be 
a p p l i e d  t o  a 20-inch diameter  d i f f u s i o n  bonded j o i n t  having a 1.0-inch 
overlap.  This  s tudy  revealed that t h e  b e s t  method w a s  t o  use  t o o l i n g  
which could apply t h i s  p re s su re  by means of  d i f f e r e n t i a l  thermal expan- 
s i o n  of  t h e  t o o l i n g  materials. Figure 7 shows the  arrangement of  t h e  
t o o l i n g  and p a r t s  f o r  t h i s  method. 
7 3 2 1  Stainless  S t e e l  Tube 
321 Stainless S t e e l  Mandrel 
Low Alloy S t e e l  
Ring - Ins ta l l ed  
by heating and 
shrinking onto 
assembly - 2219 Aluminum Alloy Bing 
FIGURE 7: DIFFERENTIAL THERMAL EXPANSION TOOLING 
ARRANGEMENT FOR TUBULAR JOINTS 
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The i n n e r  mandrel of 321 s t a in l e s s  s t e e l  has  a l i n e a r  thermal expansion 
(77°F-9000F) approximately 50"/0 g r e a t e r  than  the  low a l l o y  s t e e l  o u t e r  
mandrel, (Figure 1). From t h i s ,  c a l c u l a t i o n s  showed t h a t  t he  20-inch 
diameter  s t a i n l e s s  s t e e l  has a f r e e  d iamet r ic  expansion (no p res su re )  
which i s  approximately 0.030-inch g r e a t e r  than  the  low a l l o y  s t e e l  
r e s t r a i n i n g  r i n g  a t  a 6 0 0 0 ~  temperature.  However, during a c t u a l  bonding, 
t he  compressive p re s su re  on t h e  321 s t a i n l e s s  s t e e l  mandrel would prevent  
t h i s  t o t a l  expansion from occurr ing.  Likewise, t h e  bonding p res su re  
p l aces  the  e x t e r n a l  a l l o y  s t e e l  r i n g  i n  hoop t e n s i o n  and r e s u l t s  i n  t h e  
r i n g  expanding t o  a diameter  g r e a t e r  than  which would occur  dur ing  its 
f r e e  expansiorA a t  6000~.  
s t r a i n  f o r  cy l inde r s  under e x t e r n a l  and i n t e r n a l  p re s su re ,  c a l c u l a t i o n s  
showed t h a t  t o  c r e a t e  an  i n t e r n a l  bonding p res su re  which approximates 
the  compressive y i e l d  s t r e n g t h  of t h e  2219-~62,  t h e  o u t e r  r e s t r a i n i n g  
r i n g  must be i n s t a l l e d  us ing  a s h r i n k  f i t .  This  i n t e r f e r e n c e  f i t  is 
requ i r ed  t o  provide a preload t o  supplement t h e  p re s su re  from the  d i f f e r -  
e n t i a l  expansion o f  t h e  too l ing .  
w i l l  depend upon bonding temperatures  and the  a c t u a l  width and d iameters  
of  t he  too l ing .  
Using equat ions  which p r e d i c t  stress and 
The a c t u a l  amount of i n t e r f e r e n c e  f i t  
Bondinn of Bare Mater ia l  
The d i f f u s i o n  bocding parameter development w a s  i n i t i a l l y  performed ori 
bare  mater ia l .  
a hydraul ic  p r e s s  wi th  heated p l a t ens .  P r i o r  t o  bonding, t h e  material 
w a s  degreased, ab ras ive  c leaned ,  and wiped wi th  M E K .  The material w a s  
immediately placed i n  the  press  ( co ld  p l a t e n s )  and a p res su re  of 21,400 
p s i  was app l i ed  t o  the  specimen. 
(15 minute heat-up time) and the  specimens were he ld  a t  temperature f o r  
1.5 and 4.0 hours.  The r e s u l t s ,  summarized i n  Table 11, show t h e  
specimens had very low shea r  s t r e n g t h .  
The work was accomplished i n  a n  a i r  atmosphere u t i l i z i n g  
The p l a t e n s  were heated t o  6W°F 
Attempts were a l s o  made t o  d i f f u s i o n  bond ba re  material (cleaned as 
explained previously)  i n  a n  argon atmosphere us ing  t h e  d i f f e r e n t i a l  
expansior, p re s s  shown i n  Figure 8. 
900°F. Peel  t e s t i n g  of t hese  specimens showed v i r t u a l l y  no d i f f u s i o n  
bondi n& had occurred. 
Bonding w a s  a t tempted a t  6 0 0 0 ~  and 
The only technique by which bare  m a t e r i a l  was s a t i s f a c t o r i l y  d i f f u s i o n  
bonded involved u t i l i z a t i o n  of  t h e  techniques  desc r ibed  i n  Alcoa U. S. 
Pa ten t  2,908,073. 
placed between p l a t e n s  of  t he  hydraul ic  p r e s s  a t  15,000 p s i  pressure .  
When t h e  temperature of t he  specimen reached 700°F, t h e  p re s su re  was 
r a p i d l y  increased  t o  cause t h e  aluminum t o  flow and reduce i n  t h i c k n e s s  
by 25 p e r  cent.  
t he  su r face  oxide f i l m s  and pe rmi t s  s o l i d  state d i f f u s i o n  t o  occur  as 
shown i n  Figure 9.  
s t r e n g t h  and d u c t i l i t y .  
The m a t e r i a l  was cleaned as  previous ly  expla ined  and 
The r a p i d  p l a s t i c  flow o f  t h e  aluminum e v i d e n t l y  d e s t r o y s  
Specimens produced by t h i s  manner showed good 
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Bonding Using Dif fus ion  Aids 
Although bare  material w a s  s a t i s f a c t o r i l y  d i f f u s i o n  bonded, as descr ibed  
above, t h i s  method cannot be considered f o r  20-inch diameter t ub ing  
because t h e  d i f f e r e n t i a l  thermal expansion t o o l i n g  i s  not  capable  of  
producing t h e  h igh  deformation required.  Consequently, d i f f u s i o n  bonding 
was eva lua ted  us ing  i n t e r f a c e  d i f f u s i o n  a i d s  i n  a n  a t tempt  t o  o b t a i n  good 
bonds without excess ive  deformation of  t h e  aluminum. 
a. Copper P l a t i n g  
I n i t i a l l y ,  both the  s t a i n l e s s  s teel  and aluminum were copper p l a t e d  
a t  the  fay ing  su r faces  t o  be jo ined .  P r i o r  t o  bonding, t h e  copper 
p l a t e  was cleaned by l i g h t  ab ras ive  c leaning ,  followed by wiping 
wi th  MEI(. Specimens bonded a t  WOOF f o r  3 hours  ( i n  a i r  us ing  t h e  
hydraul ic  p r e s s  w i th  heated p l a t e c s )  showed good p r o p e r t i e s  i n  p e e l  
t e s t i n g .  I n  these  t e s t s  t h e  i n i t i a l  hydraul ic  p re s su re  app l i ed  t o  
t h e  specimens e f f e c t i v e l y  sea led  t h e  p l a t e d  s u r f a c e s  from ox ida t ion  
dur ing  hea t ing  and bonding. Subsequent work, however, showed t h a t  
t h e  copper p l a t i n g  e a s i l y  ox id i zes  i n  a i r  prevent ing  e f f e c t i v e  s o l i d  
s ta te  d i f fus ion .  Copper e l e c t r o p l a t i n g  w a s  not  i n v e s t i g a t e d  f u r t h e r  
because i t  was a n t i c i p a t e d  that t h e  p l a t i n g  could not  be kept  f r e e  
of ox ides  dur ing  assembly of t he  20-inch diameter. p a r t s  i n t o  t h e  
preheated e x t e r n a l  t o o l i n g  r i n g  as descr ibed  i n  t h e  t o o l i n g  a n a l y s i s  
s ec t ion .  
b. S i l v e r  P l a t l n g  
Dif fus ion  bonding was accomplished us ing  s i l v e r  p l a t i n g  on t h e  j o i n t  
f a c e s  of t he  s t a i n l e s s  s t e e l  and 2219 aluminum a l l o y .  The d e t a i l e d  
procedure used f o r  p l a t i n g  i s  out l i r ied i n  Appendix E. 
s t r i k e  w a s  used p r i o r  t o  s i l v e r  p l a t i n g  t h e  s t a i n l e s s  s teel .  I n  t h e  
case  of aluminum, l i g h t  z inc  f l a s h  and a copper f l a s h  were used p r i o r  
t o  s i l v e r  p l a t i n g .  The n icke l  s t r i k e  on t h e  s t a i n l e s s  s t e e l  and the  
z inc  and copper f l a s h  p l a t i n g  on the  aluminum a l l o y  are convent ional  
p l a t i n g  techniques  used t o  provide proper  adherence of t h e  s i l v e r  
p l a t ing .  
and heated p l a t e n s  as previously descr ibed .  P r i o r  t o  bonding, t h e  
p l a t e d  s u r f a c e s  were l i g h t l y  c leaned wi th  a n  ab ras ive  and wiped wi th  
acetone.  Bonding w a s  i n i t i a l l y  performed a t  500OF and 6000~  us ing  
va r ious  bonding p res su res  and times. These temperatures  were chosen 
because t h e  y i e l d  s t r e n g t h  of t he  2219-T62 a l l o y  a t  these  temperatures  
is f a i r l y  low, thus  minimizing t h e  bonding p res su re  requi red .  I n  
a d d i t i o n ,  t h e  room temperature u l t i m a t e  s t r e n g t h  of  t he  a l l o y  is 
reduced o n l y  about  15% af te r  exposure a t  these  temperatures.  
A n i c k e l  
Bonding w a s  accomplished i n  a i r  us ing  t h e  hydrau l i c  p r e s s  
The r e s u l t s  of t h e s e  tes ts ,  as  shown i n  Table 11, r e v e a l  that good 
shea r  s t r e n g t h s  were obtained. Only s l i g h t  deformation (.003 t o  .005- 
inch)  of t h e  aluminum was requi red  t o  achieve  void-free d i f f u s i o n  
bonds. Figure 10 shows photomicrographs of a d i f f u s i o n  bond accom- 
p l i s h e d  a t  500°F f o r  3.5 hours. The micros t ruc ture  revea led  that 
complete s o l i d  state d i f f u s i o n  had o c c w r e d  a c r o s s  t h e  s i l v e r - s i l v e r  
j o i n t  i n t e r f a c e .  
Figure 11 shows a microprobe a n a l y s i s  of t h e  d i f f u s i o n  bonded j o i n t .  
The a n a l y s i s  shows s l i g h t  d i f f u s i o n  of t he  s i l v e r  i n t o  t h e  aluminum 
and p r a c t i c a l l y  no d i f f u s i o n  of  t h e  s i l v e r  i n t o  the  s t a i n l e s s  s teel .  
The use of s i l v e r  p l a t i n g  as a d i f f u s i o n  a i d  proved very s a t i s f a c -  
t o ry .  The s i l v e r  has  a h igh  to l e rance  of c o n t s a i n a t i o n  and resist- 
ance  t o  ox ida t ion  during d i f f u s i o n  bonding. Tests showed that a f t e r  
t h e  s i l v e r  p l a t e d  s u r f a c e s  were cleaned,  they could be exposed t o  a 
temperature of 500°F i n  air  f o r  30 minutes and then  be s a t i s f a c t o r -  
i l y  joined by d i f f u s i o n  bonding without  a d d i t i o n a l  c leaning.  These 
r e s u l t s  showed that the  p a r t s  and t o o l i n g  could be heated i n  a i r  
f o r  shr ink  f i t  assembly without  contamination of  t h e  s i l v e r  p l a t e d  
s u r  faces .  
PRELIMINABY PROCESS SELECTION 
A t  t h e  conclusior,  of t h e  pre l iminary  development work, two processes  
were se l ec t ed  f o r  f u r t h e r  development. O f  t he  t h r e e  processes  c a r r i e d  
i n t o  prel iminary development - braz ing ,  weldin.g, and d i f f u s i o n  bonding - 
t h e  d i f fus ion  bonding p rocess  o f f e r e d  the  greatest p o t e n t i a l  o f  minimizing 
the  occurrence of b r i t t l e  phases a t  the  j o i n t  i n t e r f a c e .  Fusion welding 
was s e l e c t e d  over  braz ing  as t h e  second p rocess  f o r  a d d i t i o n a l  develop- 
ment because (1) of t h e  d i f f i c u l t y  of apply ing  t h e  braz ing  p rocess  t o  
20-inch diameter assembl ies  and (2)  d i p  braz ing  could not  be used on t h e  
2219 aluminum a l l o y .  
FINAL PROCESS DEVELOPMENT 
The prel iminary p rocess  development phase r e s u l t e d  i n  t h e  s e l e c t i o n  of  
fus ion  welding and d i f f u s i o n  bonding as the  processes  t o  be c a r r i e d  fo r -  
ward i n t o  a d d i t i o n a l  development. I n  t h e  pre l iminary  phase,  p rocess  
parameters  were i n v e s t i g a t e d  t o  the  e x t e n t  necessary f o r  s e l e c t i o n  of  
t h e  two bes t  processes .  Addi t iona l  development w a s  then  necessary t o  
e s t a b l i s h  the po in t  where p rocess  time and temperature  requirements  
could be adequately s p e c i f i e d  f o r  subsequent f a b r i c a t i o n  of 8-inch 
diameter  t e s t  p a r t s .  Accordingly,  t h e  f i n a l  p rocess  development phase 
had as i t s  o b j e c t i v e s  the  fol lowing:  
1. Determination of t ime-temperature requi remects  f o r  t h e  p rocess  o f  
manual a luminiz ing  of s t a i n l e s s  s t e e l  wi th  718 aluminum a l l o y .  
(This  process  w a s  p rev ious ly  s e l e c t e d  as t h e  b e s t  method of  precoa t -  
i n g  o f  t he  stainless steel  p r i o r  t o  welding).  
2. Optimization of time-temperature parameters  and techniques  f o r  
d i f f u s i o n  bonding. 
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3 .  DeterminatioL of shea r  s t r e n g t h  of f u s i o n  welded and d i f f u s i o n  
bonded specimens. 
4. Ekamination o f  t h e  cor ros ion  behavior  of welded and d i f f u s i o n  
bonded j o i n t s .  
ALUMINIZING 
The pre l iminary  development work had shown that f l u x  coated 321 s t a i n -  
l e s s  s t ee l  could be s a t i s f a c t o r i l y  manually a luminized wi th  718 aluminum 
a l l o y .  Coa t i rgs  produced by t h i s  method w i l l  s u s t a i n  a 10T bend r a d i u s  
without c racking  provided the  d i f f u s i o n  zone th i ckness  a t  t h e  aluminum- 
s t a i n l e s s  s t e e l  i n t e r f a c e  does not exceed .0002-inch. Add i t io ra l  t es t s  
were t h e r e f o r e  performed t o  determine the  r e l a t i o n s h i p  between d i f f u s i o n  
zone th i ckness  and time a t  the  1100 t 25OF a luminiz ing  temperature.  
These tes ts  were made on two-inch squa res  of .060-inch t h i c k  321 s t a i n -  
l e s s  s t e e l  which had been coated wi th  Jensen Alloy Co. No. 227 f lux.  
The specimens were heated wi th  an oxyacetylene flame t o  1100 -I 25OF, 
manually aluminized wi th  718 aluminum a l l o y ,  and held a t  temperature  f o r  
times ranging from 15 seconds t o  2 minutes. The time-temperature p r o f i l e  
f o r  each specimen w a s  recorded. The r e s u l t s ,  as t abu la t ed  i n  Figure 12, 
show that aluminized s t a i n l e s s  s t e e l  should not  be  he ld  a t  the  aluminiz- 
i n g  temperature f o r  longer  than  30 seconds. This  requirement w i l l  
i n s u r e  that t h e  iron-aluminide formation w i l l  not  exceed .0002-inch. 
DIFFUSICIIY BOI’JDING 
It was observed i n  pre l iminary  eva lua t ion  that p e e l  test  specimens 
occas iona l ly  f a i l e d  a t  the  s i l v e r - s t a i n l e s s  s t e e l  i n t e r f a c e .  An i n v e s t i -  
g a t i o n  w a s  t h e r e f o r e  conducted t o  determine i f  a n  e l e c t r o p l a t e d  l a y e r  of  
copper between t h e  s t a i n l e s s  s t e e l  and s i l v e r  would improve the  p e e l  
r e s i s t a n c e  of t h a t  p o r t i o n  of the d i f f u s i o n  bonded j o i n t .  S t a i n l e s s  
s t e e l  specimens were prepared using a copper p l a t i n g  th i ckness  of  0.0004 
t o  0.0006-inch. The copper p l a t e  was then  covered wi th  a s i l v e r  p l a t i n g  
0.0004 t o  0.0005-inch th ick .  
s i l v e r  p l a t i n g ,  as w e l l  as d i f f u s i o n  bonding o f  s t a i n l e s s  s t e e l  t o  
aluminum t e s t  j o i n t s ,  w a s  accomplished i n  the  same manner prev ious ly  
descr ibed  dur ing  prel.iminary process  development. Metallographic examin- 
a t i o n  of pee l - t e s t ed  j o i n t s  showed that a l l  f a i l u r e s  occurred i n  a random 
manner through t h e  s i l v e r - t o - s i l v e r  i n t e r f a c e  o r  i n  t h e  silver-aluminum 
i n t e r f a c e .  The r e s u l t s  ind ica ted  t h a t  t he  use  of t he  copper undercoat  
e l imina ted  p e e l  f a i l u r e  a t  the s t a i n l e s s  s t e e l  t o  t he  e l e c t r o p l a t e d  
i n t e r f a c e .  
Prepara t ion  of t h e  aluminum specimens by 
A s e r i e s  of  t e s t  j o i n t s  were then prepared. f o r  d i f f u s i o n  bonding a t  
va r lous  times and temperatures.  The specimens were p l a t e d  by t h e  proce- 
du re  shown i n  Appendix C, which descr ibes  i n  d e t a i l  t he  pre-bonding 
p r e p a r a t i o n  adopted as a r e s u l t  of t h e  i n v e s t i g a t i o n  descr ibed  above. 
The d i f f e r e n t i a l  thermal expansion p r e s s  shown i n  Figure 8 w a s  used t o  
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make t h e  bonds. The p rocess  w a s  performed i n  a n  a i r  atmosphere oven. 
Temperatures were measured by a thermocouple between the  specimen and 
d i e  face.  Specimens were d i f f u s i o n  bonded a t  the  fo l lowing  t imes and 
temperatures:  
Temperature OF 
The t imes shown a r e  f o r  t h e  per iod  dur ing  which t h e  j o i n t  w a s  a t  the  
s p e c i f i e d  temperature.  Approximately one hour was requ i r ed  t o  hea t  t h e  
specimen from room temperature  t o  the  bonding temperature  used. The 
compressive deformation of  t h e  aluminum measured a f t e r  bonding ranged 
from 3% of t h e  th i ckness  a t  a 400°F bonding temperature  t o  7% a t  700OF. 
Following bonding, t h e  specimens were p e e l  t e s t e d  a t  -320°F. These 
t es t s  showed that a bonding cyc le  of 500°F f o r  4 hours  gave t h e  h ighes t  
i nd ica t ed  s t r e n g t h  and developed the  g r e a t e s t  deformation of t h e  aluminum 
component p r i o r  t o  f a i l u r e .  Specimens bonded a t  600°F f o r  1 o r  2 hours  
a l s o  exhib i ted  cons iderable  deformation p r i o r  t o  f a i l u r e .  Acceptable 
s t r e n g t h s  were obtained.  
acceptab le  s t r e n g t h  and d u c t i l i t y  i n  p e e l  t e s t i n g .  
The remainder of t h e  specimens d i d  not  provide 
A metal lographic  examination w a s  a l s o  made on t h e  d i f f u s i o n  bonded 
specimens. The specimens were mounted a t  a n  ang le  of 15" s o  that t h e  
th i ckness  of t h e  d i f f u s i o n  bonded zone could be ampl i f ied .  
zone w a s  e f f e c t i v e l y  magnified approximately f o u r  times g r e a t e r  than  
t h a t  obtained wi th  a convent ional  90" mounting angle .  Th i s  technique 
w a s  used t o  a i d  metal lographic  examination. 
i n a t i o n  a r e  summarized as fol lows:  
The d i f f u s i o n  
The r e s u l t s  of t h i s  exam- 
a. The micros t ruc ture  of  t h e  copper t o  s t a i n l e s s  s t e e l  i n t e r f a c e  a f t e r  
p l a t i n g  and p r i o r  t o  d i f f u s i o n  bonding i s  shown i n  Figure 1 3 A .  The 
photomicrograph i l l u s t r a t e s  t h e  e x t e n t  of i n t e r g r a n u l a r  p e n e t r a t i o n  
by the  copper i n t o  t h e  s t a i n l e s s  s t e e l  dur ing  p l a t i n g .  This  copper 
t o  s t a i n l e s s  s t e e l  i n t e r f a c e  exh ib i t ed  a similar appearance a f t e r  





The s i l v e r  t o  s i l v e r  j o i n t  i n t e r f a c e  had been completely bonded a t  
a l l  the  time-temperature coinbinations inves t iga t ed .  This zone 
c o n s i s t s  of f i n e  g ra ined - rec rys t a l l i zed  s i l v e r  and shows complete, 
void-free s o l i d  state d i f f u s i o n  a t  t h e  o r i g i n a l  j o i n t  i n t e r f a c e .  
Op t i ca l  microscopy d id  not d i sc lose  s o l i d  s ta te  d i f f u s i o n  between 
the  copper -s i lver  or copper-s ta in less  s t e e l  i n t e r f a c e s  a l though 
d i f f u s i o n  a t  these  i n t e r f a c e s  can be assumed. 
The zone between t h e  2219 base metal  and the  s i l v e r  p l a t i n g  con- 
t a ined  a .00002-inch t h i c k  copper s t r i k e  p r i o r  t o  d i f f u s i o n  bonding, 
as shown i n  Figure 13B. 
c r i t i c a l  i n  ob ta in ing  optimum j o i n t  p rope r t i e s .  Inadequate d i f f u s i o n  
i n  t h i s  zone w i l l  r e s u l t  i n  low s t r e n g t h ,  whereas excess ive  d i f f u s i o n  
w i l l  r e s u l t  i n  t h e  formation o f  complex copper-silver-aluminum 
i n t e r m e t a l l i c s  which embr i t t l e  the  j o i n t .  A t  b ° F ,  p r a c t i c a l l y  no 
d i f f u s i o n  could be observed. A t  50O0F, a d i f f u s i o n  zone approxi-  
mately twice as  t h i c k  as t h e  o r i g i n a l  copper s t r i k e  developed. 
Addi t iona l  d i f f u s i o n  occurs  with inc reas ing  temperature.  
d i f f u s i o n  is excessive.  Typical  photomicrographs of t h e  d i f f u s i o n  
zone between t h e  2219 aluminum and s i l v e r  p l a t i n g  are shown i n  
Figure 14. Based on t h i s  evidence, a bonding temperature  of  500°F 
t o  6 0 0 0 ~  w i l l  permit  adequate d i f f u s i o n  t o  develop j o i n t  s t r e n g t h  
and minimize the  formation of e rnb r i t t l i ng  i n t e r m e t a l l i c  phases. 
Control  of d i f f u s i o n  i n  t h i s  zone i s  
At 700°F, 
MECHANICAL TESTING 
S i n g l e  and double l a p  shea r  specimens were jo ined  by fus ion  welding and 
by d i f f u s i o n  bonding. Specimen conf igura t ions  a r e  shown i n  Figure 15. 
Photographs of t y p i c a l  specimens are shown i n  Figure 16. 
The welded specimens were made by a luminiz ing  t h e  s t e e l  wi th  718 aluminum 
a l l o y ,  as expla ined  i n  the  previous s e c t i o n ,  followed by welding wi th  
4043 f i l l e r  metal. 
Two groups of d i f f u s i o n  bonded specimens were t e s t e d .  The f i r s t  group 
was d i f f u s i o n  bonded a t  6000F f o r  2 hours  us ing  the  p l a t e n  p r e s s  and 
p l a t i n g  procedure (Appendix B) descr ibed i n  t h e  pre l iminary  p rocess  
development sec t ion .  S tops  were placed between t h e  p r e s s  p l a t e n s  t o  
l i m i t  compressive y i e l d i n g  t o  a 0,004 t o  0.005-inch range. The second 
group w a s  d i f f u s i o n  bonded a t  6 0 0 0 ~  f o r  2 hours  us ing  t h e  d i f f e r e n t i a l  
expansion p r e s s  and p l a t i n g  procedure (Appendix C) descr ibed  i n  the  
f i n a l  p rocess  development sec t ion .  The aluminum a l l o y  components of  
t h e s e  specimens were compressively y i e lded  0.005 t o  0.006 inch. 
Three s i n g l e  and t h r e e  double l a p  specimens were t e s t e d  a t  room tempera- 
t u r e ,  -320°F, and -423°F f o r  each j o i n i n g  method. 
s t r e n g t h s  are shown i n  Table 111. These r e s u l t s  i n d i c a t e  that room 
temperature  s h e a r  s t r e n g t h s  above approximately 15,000 p s i  can  be 
The r e s u l t i n g  shea r  
c o n s i s t e n t l y  obtained by both the  d i f f u s i o n  bonding and GTA welding 
methods. A maximum value  of 24,000 and a minimum of 14,280 p s i  w a s  
obtained fo r  a l l  t es t  condi t ions .  Except f o r  the  s i n g l e  l a p  GTA welds, 
t h e  o t h e r  j o i n t s  had s i g n i f i c a n t l y  h igher  p r o p e r t i e s  a t  -320°F than  a t  
room temperature. The -423°F r e s u l t s  were not s i g n i f i c a n t l y  d i f f e r e n t  
from -320OF re su l t s .  
Af t e r  t e s t i n g ,  the shear  specimens were examined v i s u a l l y  and metal lo-  
g raph ica l ly  t o  determine the  na ture  of t h e  j o i n t  f a i l u r e s .  
o f  t h i s  examination were as  fo l lows:  
The r e s u l t s  
1. The s i n g l e  l a p  wslded specimens, when t e s t e d  a t  room temper- 
a t u r e ,  f a i l e d  p r imar i ly  through the  t h r o a t  of t he  weld f i l l e t .  
When t e s t e d  a t  -320°F and a t  -423OF, the  specimens f a i l e d  by 
a combination of shear ing  as we l l  as pee l ing  i n  t h e  weld metal 
on the aluminized s t e e l  i n t e r f a c e .  Figure l 7 A  i l l u s t r a t e s  
t y p i c a l  f a i l u r e  modes of t he  s i n g l e  l a p  welded j o i n t s .  
2. The double l a p  welded specimens, when t e s t e d  a t  room tempera- 
t u r e ,  f a i l e d  p r imar i ly  through t h e  t h r o a t  of t h e  weld f i l l e t .  
When t e s t e d  a t  -320°F and a t  -4230F, t h e  f a i l u r e  occurred a t  
t h e  aluminized s u r f a c e  of  t h e  s t a i n l e s s  s tee l .  f i g u r e  1 7 B  
i l l u s t r a t e s  t y p i c a l  f a i l u r e  modes of t h e  double l a p  welded 
j o i n t s .  
3. The s i n g l e  l a p  d i f f u s i o n  bonded specimens, r e g a r d l e s s  o f  t e s t  
temperature,  f a i l e d  randomly by shea r  through the  o r i g i n a l  
s i l v e r - s i l v e r  i n t e r f a c e  o r  by pee l ing  through t h e  silver-aluminum 
d i f f u s i o n  zone. The photomicrograph shown i n  Figure 1 8 ~  i l l u s -  
t r a t e s  a p e e l  type f a i l u r e  of a s i n g l e  l a p  j o i n t .  The double 
l a p  d i f f u s i o n  bonded specimens, r e g a r d l e s s  of t e s t  temperature ,  
f a i l e d  p r imar i ly  by shea r  through the  s i l v e r  bond. This  type 
of f a i l u r e  is  i l l u s t r a t e d  i n  Figure 1 8 ~ .  
4. There i s  no apparent  d i f f e r e n c e  i n  j o i n t  s t r e n g t h  o r  f a i l u r e  
mode between t h e  two groups of  d i f f u s i o n  bonded specimens. 
CORROSION TESTING 
Corrosion t e s t i n g  w a s  performed on f i l l e t  welded and d i f f u s i o n  bonded 
2219 aluminum a l l o y  t o  321  s t a i n l e s s  s t ee l  l a p  j o i n t s .  Tests were 
conducted i n  a 5% N a C l  spray p e r  Federa l  Tes t  Method Standard 151, Method 
811.1. 
Three types of  f i l l e t  welded l a p  j o i n t s  (u s ing  t h r e e  precoa t  methods) 
and one type of d i f f u s i o n  bonded l a p  j o i n t  ( s i l v e r  p l a t e d  p e r  Appendix C )  
were prepared and t e s t e d  as o u t l i n e d  i n  Table I V .  
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The j o i n t s  were m e t a l l u r g i c a l l y  examined af ter  72, 144 and 360 hours 
of exposure. The specimens were examined f o r  t he  type ,  l o c a t i o n  and 
depth  of corrosion.  A summary of t h e  r e s u l t s  is as fol lows:  
1. A l l  t he  f i l l e t  welded specimens revea led  moderate p i t t i n g  
cor ros ion  of  t h e  4043 aluminum f i l l e r  a l l o y  and exh ib i t ed  
severe  co r ros ion  a t  the  i n t e r f a c e  of  t h e  4043 f i l l e t  weld 
and the  s ta in less  s t e e l .  F igures  l 9 A  and l 9 B  show p i t t i n g  
co r ros ion  a f te r  72 and 144 hours  exposure. A t  t h e  end of  
360 hours t h e  co r ros ion  had pene t r a t ed  completely through 
the  f i l l e t  weld. 
2. The d i f f u s i o n  bonded specimens exh ib i t ed  severe  co r ros ion  
a t  t h e  p o i n t  where t h e  s i l v e r  coa t ing  terminated on t h e  
aluminum su r face .  A t y p i c a l  example i s  shown i n  Figure 20A. 
Af t e r  360 hours ,  cor ros ion  had almost pene t r a t ed  through 
the  .125-inch t h i c k  aluminum. The s i l v e r  coa t ing  d i d ,  
however, p r o t e c t  t h e  j o i n t  i n t e r f a c e  from co r ros ion  as 
shown i n  Figure 20B. 
Based on t h e  above r e s u l t s ,  i t  is evident  that t h e  5 p e r  c e n t  salt 
spray environment is too  severe f o r  t h e  321 s t a i n l e s s  s t ee l  t o  2219 
aluminum a l l o y  d i s s imi l a r  meta l  j o i n t .  
Addi t iona l  t e s t i n g  was performed on single l a p  welded and d i f f u s i o n  
bonded Specimens by immersing fo r  1 4  days i n  (1) t a p  water and i n  (2) 
d i s t i l l e d  water conta in ing  0.1% N a C l .  The specimens were placed on 
t h e i r  edge and the  l e v e l  of  t h e  water was a d j u s t e d  s o  t h e  upper half 
of  t he  specimens remained i n  the  air. Af te r  14 days a l l  specimens 
showed d i s c o l o r a t i o n  of t h e  aluminum. A l l  specimens showed s l i g h t  
p i t t i n g  a t  the  po in t  where t h e  s i l v e r  coa t ing  terminated on t h e  aluminum 
s u r f a c e  o r  a t  the  t o e  of  t h e  f i l l e t  weld. The specimens immersed i n  
t h e  d i s t i l l e d  water + 0.1% N a C l  showed s l i g h t l y  more p i t t i n g  than  those 
immersed i n  t a p  water. 
The r e s u l t s  of t h e  co r ros ion  t e s t i n g  i n d i c a t e  t h a t  321  s t a i n l e s s  s t e e l  
t o  2219 aluminum a l l o y  j o i n t s  should be p ro tec t ed  by p r o t e c t i v e  f i n i s h e s ,  
o r  kept  i n  a c o n t r o l l e d ,  low humidity environment. 
The f i n a l  process  development i n v e s t i g a t i c n  r e s u l t e d  i n  t h e  development 
o f  the  d i f f u s i o n  bonding and fusion welding methods, which can be adapted 
f o r  t he  f a b r i c a t i o n  of l a r g e  diameter 321 s t a i n l e s s  s t ee l  t o  2219 aluminum 
a l l o y  assemblies.  
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EIGHT-INCH DIAMETER TEST ASSEMBLIES 
The purpose of t h e  subsca le  8-inch diameter  tank f a b r i c a t i o n  and tes t i r .g  
w a s  t o  determine i f  t h e  two s e l e c t e d  processes ,  d i f f u s i o n  bonding and 
fus ion  welding, could be success fu l ly  adapted t o  product ion a p p l i c a t i o n s .  
The r e s u l t s  of  t h i s  work were used, i n  conjunct ion  with t h e  prev ious  
development work, t o  s e l e c t  t he  bes t  method f o r  j o i n i n g  20-inch diameter 
t es t  assemblies. 
This  po r t ion  of the  r e p o r t  w i l l  be d iscussed  under two major headings: 
1. 
2. 
Fabr ica t ion  of  Eight-Inch Diameter Test Assemblies 
Burst-Testing of  Eight-Inch Diameter T e s t  Assemblies 
FABRICATION O F  EIGHT-INCH DIAMETER TEST ASSEMBLIES 
GTA FUSION WELDED TEST ASSEMBLIES 
An 8-inch diameter f u s i o n  welded tank w a s  f a b r i c a t e d  by i n i t i a l l y  f u s i o n  
welding t w o  machimd 321 s t a i n l e s s  s t e e l  and 2219-~62 aluminum a l l o y  
r i n g s  (each 2 inches  long) .  
Figure 21A. 
of  two d i s t i n c t  and s e p a r a t e  s t e p s ,  (1) aluminiz ing  and (2) welding. 
These s t e p s  w i l l  be d iscussed  below. 
A c r o s s  s e c t i o n  of t h e  j o i n t  i s  shown i n  
The f a b r i c a t i c n  of t he  r i n g s  by GTA f u s i o n  welding consisbed 
Pro c e du r e 
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a. Aluminizing 
P r i o r  t o  welding, t h e  beve l  and groove of  t h e  s t a i n l e s s  s t e e l  r i n g  
were aluminized with 718 aluminum a l l o y  as shown i n  Figure 21A. 
This  was accomplished by coa t ing  the  wire  brushed s u r f a c e  of  t he  
s t a i n l e s s  s t e e l  wi th  Mo. 227 Flux (Jensen Alloy Co.) and h e a t i n g  
the  r ing  wi th  a n  oxyacetylene to rch  on the  i n n e r  su r face .  While 
t h e  r ing  was r o t a t e d  s lowly,  718 aluminum a l l o y  i n  wire  form was 
manually app l i ed  t o  t h e  beve l  and groove of t he  r i n g .  Temperature 
measurements showed that the  s t ee l  r i n g  reached a maximum tempera- 
t u r e  of 1100OF f o r  approximately 15 seconds du r ing  aluminizing.  
The th ickness  of t h e  718 aluminum braze  a l l o y  a f t e r  a luminiz ing  
va r i ed  from 0.015 t o  0.020-inch. 
cleaned t o  n e u t r a l i z e  t h e  f lux.  The aluminized coa t ing  w a s  then  
machined t o  a uniform th i ckness  (0.008-0.010-inch) t o  permit  
assembly of the  aluminum r i n g  t o  t h e  aluminized s t a i n l e s s  s t e e l .  
The p a r t  w a s  t hen  chemical ly  
b. Welding 
The aluminum r i n g  w a s  manually f i l l e t  welded t o  the  aluminized 
s t a i n l e s s  s t e e l  r i n g ,  u s ing  the  AC-GTA welding p rocess  and 4043 
f i l l e r  metal. During welding, t h e  a r c  was maintained p r i m a r i l y  
on t h e  aluminum t o  prevent  excessive melt ing of t h e  aluminized 
c o a t i n g  . 
Resu l t s  
After welding, t he  r i n g  assembly w a s  i n spec ted  wi th  a helium l e a k  
d e t e c t o r  and found l e a k  t i g h t .  
assembly i s  shown i n  Figure 22B. 
A photograph of t h e  welded r i n g  
Study of t h e  r i n g  f a b r i c a t i o n  by t h e  fus ion  welding process  i n d i c a t e d  
t h a t  t h e  process  would be d i f f i c u l t  t o  adapt  t o  product ion a p p l i c a t i o n s .  
The major l i m i t a t i o n  i s  that the a luminiz ing  and welding processes  
would probably have t o  be conducted manually by a s k i l l e d  weldor. 
Limited s t u d i e s  t o  determine the f e a s i b i l i t y  of mechanizing e i t h e r  
o r  both of  the aluminizing o r  welding processes  proved unsuccessful .  
During welding, i t  was found mandatory t o  con t inua l ly  manipulate t he  
a r c  i n  o rde r  t o  o b t a i n  a s a t i s f a c t o r y  f i l l e t  weld and minimize hea t -  
i n p u t  a t  t h e  aluminum-steel i n t e r f a c e .  
DIFFUSION BONDED TEST ASSEMBLIES 
The d i f f u s i o n  bonded t anks  were f a b r i c a t e d  by f i r s t  machining and 
p l a t i n g  321  s t a i n l e s s  steel  and 22l9-T62 aluminum a l l o y  r i n g s  (each 
2-inch long) .  
The first r i n g  assembly had a conf igura t ion  as shown i n  Figure 21B. 
The s t a i n l e s s  s t ee l  r i n g  w a s  beveled t o  permit  a smooth i n s i d e  transi- 
t i o n  between t h e  aluminum and steel. However, d i f f i c u l t y  i n  matching 
t h e  beve ls  on t h e  i n i t i a l  tank r e s u l t e d  i n  d i scon t inu ing  t h i s  configur-  
a t i o n .  The remaining t h r e e  r i n g s  were machined as shown i n  Figure 21C. 
The d i f f u s i o n  bonding procedure and r e s u l t s  are d iscussed  below. 
A t o t a l  o f  four d i f f u s i o n  bonded r i n g s  were manufactured. 
Procedure 
P r i o r  t o  d i f f u s i o n  bonding, t h e  f ay ing  s u r f a c e s  of  t h e  321 s t a i n l e s s  
s t e e l  and 2219 aluminum a l l o y  were s i l v e r  p l a t ed  us ing  the  procedures  
descr ibed  i n  Appendix C. The r i n g s  and t o o l i n g  were assembled as 
shown i n  Figure 23. The s t e e l  and aluminum r i n g s  were machined t o  
dimensions wi th  a 0.002-inch i n t e r f e r e n c e  f i t  t o  assemble them onto 
t h e  i n n e r  mandrel. P r i o r  t o  assembly, t h e  p l a t e d  s u r f a c e s  were sub- 
j e c t e d  t o  l i g h t  ab ras ive  cleaning and by wiping wi th  acetone.  The 
r i n g s  were then  hea ted  t o  250°F i n  a i r  and without  a d d i t i o n a l  c l ean ing  
were i n s t a l l e d  onto t h e  i n n e r  321 s t a i n l e s s  s t e e l  mandrel. The o u t e r  
4340 a l l o y  s t e e l  r i n g  (machined t o  provide a 0.008 t o  0.012-inch 
s h r i n k  f i t )  was hea ted  t o  6 0 0 0 ~  and i n s t a l l e d  around the  d i f f u s i o n  
bonded assembly. 
u n t i l  a l l  parts s t a b i l i z e d  a t  temperature (approximately 250OF). The 
assembly was ther, placed i n t o  an  a i r  atmosphere furnace f o r  d i f f u s i o n  
bonding a t  t h e  d e s i r e d  time and temperature.  
The e n t i r e  assembly w a s  then  he ld  a t  room temperature 
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After d i f f u s i o n  bonding, t h e  assembly w a s  a i r  cooled and t h e  i n n e r  
mandrel and o u t e r  r i n g  were removed by cool ing  wi th  l i q u i d  n i t rogen .  
This  procedure is e x p l a i n e d ' i n  d e t a i l  dur ing  d i scuss ion  of  t h e  20-inch 
diameter  assemblies  i n  a l a t e r  s e c t i o n  of t h i s  r epor t .  A photograph 
of  t h e  bonded r i n g  is shown i n  Figure 22A. 
Resu l t s  
The fol lowing desc r ibes  the  s p e c i f i c  d i f f u s i o n  bonding cyc le ,  examina- 
t i o n  and helium l e a k  t e s t i n g  of r i n g  assemblies .  
(1) Ring Assembly No. 1 
The f i r s t  assembly w a s  d i f f u s i o n  bonded a t  500°F for 4 hours.  
a d d i t i o n a l  hour ( t o t a l  of 5 hours)  w a s  used t o  thermal ly  s t a b i l i z e  
t h e  assembly. This  one hour temperature s t a b i l i z a t i o n  time w a s  
used on a l l  subsequent d i f f u s i o n  bonded assemblies .  Examination 
of the  assembly after bonding revea led  t h e  j o i n t  over lap  va r i ed  
from 0.85 t o  1.0 inch. 
assembly before  t h e  o u t e r  r i n g  had cooled s u f f i c i e n t l y  dur ing  t h e  
sh r ink  f i t  opera t ion .  To c o r r e c t  this misalignment, a l a r g e  f l a t  
p l a t e  and p o s i t i v e  st.op!were used dur ing  assembly of t h e  remaining 
d i f f u s i o n  bonded r ings .  Measurement of t h e  assembly showed the  
aluminum r i n g  had compressively y i e lded  0.002 t o  0.003-inch i n  
w a l l  th ickness .  The r i n g  was l e a k  t i g h t  when inspec ted  wi th  a 
helium l e a k  d e t e c t o r .  
An 
This  was caused by misalignment of t he  
(2)  Ring Assembly No. 2 
The second r i n g  assembly w a s  d i f f u s i o n  bonded a t  500°F f o r  4 hours.  
Af t e r  d i f f u s i o n  bonding, measurements showed t h a t  t h e  2219 aluminum 
r i n g  had compressively y ie lded  0.003-inch i n  w a l l  th ickness .  The 
r i n g  was then  helium l e a k  checked and w a s  found t o  leak i n  two 
areas. 
180 degrees apart. 
Measurements showed t h a t  t h e  2219 aluminum had compressively y i e lded  
approximately 0.005-inch i n  w a l l  th ickness .  
t h e  same two areas leaked. 
times i n  LN2. Subsequent l e a k  checking showed t h a t  t h e  same two 
areas leaked but  d i d  not  en la rge  i n  length .  
i n t o  s e c t i o n s  f o r  p e e l  t e s t i n g  and m e t a l l u r g i c a l  examination. 
fol lowing r e s u l t s  were observed: 
The areas were approximately 2.5 inch  long  and were loca ted  
The r i n g  w a s  t hen  rebonded a t  6 5 0 0 ~  - 1 hour. 
Leak checking showed 
The r i n g  w a s  t hen  thermal ly  shocked t e n  
The r i n g  w a s  then  c u t  
The 
a. The two a r e a s  which leaked d id  not  d i f f u s i o n  bond because they 
were not i n  con tac t .  T h i s  l a c k  of  c o n t a c t  w a s  caused by t h i n -  
ning of t h e  321  s t a i n l e s s  s t e e l  r i n g  due t o  d e f l e c t i o n  dur ing  
machining. The wall th i ckness  o f  t h e  s t a i n l e s s  s t e e l  r i n g  i n  
the two areas w a s  reduced by 0.012 inch .  An i n t e r n a l  support 
was used on t h e  remaining 321  stainless s t e e l  r i n g s  t o  circum- 
vent t h i s  problem. 
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b. 
C .  
do 
Pee l  t e s t i n g  of t he  d i f f u s i o n  bonded s e c t i o n s  of t h e  ring 
( a t  room temperature)  showed t h e  j o i n t  t o  poeeess  e x c e l l e n t  
toughness, Considerable deformation of  t h e  s t a i n l e s s  s t e e l  
was requi red  t o  accomplish j o i n t  peel ing.  
Me ta l lu rg ica l  examination of  a d i f f u s i o n  bonded s e c t i o n  of 
t h e  j o i n t  showed i t  t o  be void free. 
t h e  s i l v e r  t o  s i l v e r  i n t e r f a c e s  had occurred. 
shows t h e  appearance of t h e  d i f f u s i o n  bonded j o i n t ,  
Adequate d i f f u s i o n  a t  
Figure 2 4 ~  
Meta l lu rg ica l  examination of the d i f f u s i o n  bonded j o i n t  a f te r  
pee l ing  showed that the  f a i l u r e  occurred randomly through t h e  
s i l v e r - s i l v e r  and/or through the  silver-aluminum i n t e r f a c e s .  
Figure 24B i l l u s t r a t e s  t h e  appearance of  t h e  j o i n t  a f t e r  
pee l i n g  . 
( 3 )  Ring Assembly No. 3 
Measurements of t h e  first two r i n g  assembl ies  (bonded a t  500°F - 
4 hours)  i n d i c a t e d  t h a t  t he  amount of compressive y i e l d i n g  of t h e  
aluminum r i n g  was marginal  t o  i n s u r e  10% d i f f u s i o n  bonded j o i n t s ,  
The t h i r d  r i n g  w a s  d i f f u s i o n  bonded a t  60O0F f o r  2 hours  t o  inc rease  
t h e  amount of  compressive y ie ld ing .  
Af te r  bonding, measurements showed t h e  aluminum r i n g  had compress- 
i v e l y  y ie lded ,  reducing the  w a l l  t h i ckness  by ,005-inch. The r i n g  
w a s  thermally shocked t e n  times (from room temperature)  i n  l i q u i d  
n i t rogen  and w a s  still  found leak t i g h t  as determined by t h e  
helium l e a k  de tec to r .  
no t  r e v e a l  any unbonded areas .  
Ul t rasonic  and dye pene t r an t  i n m e c t i o n  d i d  
(4) Ring Assembly No. 4 
The f o u r t h  r i n g  was d i f f u s i o n  bonded a t  6W°F f o r  1 hour. 
aluminum r i n g  compressively y i e lded  0.005-inch i n  w a l l  th ickness .  
The r i n g  w a s  found helium leak- t igh t  a f te r  thermal ly  shock t e s t i n g  
t e n  t imes i n  l i q u i d  ni t rogen.  
t i o n  d id  not  r e v e a l  any unbonded a r e a s ,  
r e t a i n e d  as a sample f o r  the program sponsor. 
The 
Ul t rasonic  and dye pene t r an t  inspec-  
This  r i n g  assembly was 
Di f fus ion  bonded r i n g  assemblies  No. 1 and 3 were f a b r i c a t e d  i n t o  tanks  
f o r  b u r s t  t e s t i n g  a t  room temperature and -320°F, r e spec t ive ly .  
The r e s u l t s  of  t h e  tank f a b r i c a t i o n  s t u d i e s  by t h e  d i f f u s i o n  bonding 
p r o c e s s  ind ica t ed  that t h e  developed p rocess  could be r e a d i l y  adapted 
t o  product ion a p p l i c a t i o n s .  The problem areas i n i t i a l l y  encountered 
i n  t h i s  s tudy ,  i .e. ,  assembly misalignment and w a l l  t h inn ing  due t o  
machining, were r e a d i l y  cor rec ted  by f u r t h e r  development. 
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BURST TESTING OF EIGHT-INCH DIAMETER TANKS 
FUSION WELDED TANK 
The f u s i o n  welded r i n g  assembly was welded i n t o  a tank assembly having 
a conf igura t ion  as shown i n  Figure 25 and w a s  h y d r o s t a t i c a l l y  b u r s t  
t e s t e d  a t  room temperature.  
f i l l e t  weld a t  650 ps ig .  
27,200 p s i  and a weld shea r  load of  approximately 1360 pounds p e r  inch .  
A photograph of t h e  tank a f te r  the  b u r s t  t e s t  i s  shown i n  Figure 26. 
The tank f a i l e d  i n  t h e  s t e e l  t o  aluminum 
This  corresponds t o  a hoop t e n s i l e  stress of 
The tank  f a i l u r e  o r i g i n a t e d  i n  the  t h r o a t  of the  c i r c u m f e r e n t i a l  f i l l e t  
weld, and propagated through t h e  weld f o r  approximately 1800 of the  
circumference. The remainder of t h e  weld f a i l e d  by t h e  f i l l e t  pee l ing  
from the  aluminized sur face .  The f i l l e t  t h r o a t  depth i n  t h e  area of 
t h e  f a i l u r e  w a s  approximately 0.100 inches .  Based on t h i s  in format ion ,  
t h e  f i l l e t  shea r  stress due t o  the  p re s su re  v e s s e l  end load was approx- 
imate ly  13,600 psi .  
u n i a x i a l  specimens, Table 111, was 17,613 p s i .  Based upon t h i s  f i g u r e ,  
t h e  tank f a i l e d  near  t h e  u l t i m a t e  load  c a r r y i n g  c a p a b i l i t y  of t h e  
c i r cumfe ren t i a l  f i l l e t  weld. Therefore ,  t h e  p o t e n t i a l  f o r  i n c r e a s i n g  
the  hoop t e n s i l e  stress of  t h e  GTA f u s i o n  welded assembly would be very 
l imi t ed .  
The average f i l l e t  s h e a r  stress obta ined  from 
DIFFUSION BONDED TANKS 
Ring assemblies  No. 1 and No. 3 were welded i n t o  a tank  assembly having 
a conf igura t ion  as shown i n  Figure 25. 
descr ibed  below. 
Burs t  t es t s  were conducted as 
a. 
b. 
Ring Assembly No. 1 - Tested a t  70°F 
Af te r  proof test  (475 p s i g ) ,  t he  d i f f u s i o n  bonded j o i n t  w a s  l e a k  
t i g h t  when inspec ted  wi th  a helium l e a k  d e t e c t o r .  
a l l y  bu r s t  t e s t e d  a t  room temperature ,  t he  t ank  f a i l e d  a t  550 ps ig .  
This  pressure  corresponds t o  a hoop t e n s i l e  s t r e s s  of 23,000 p s i  
and a j o i n t  shea r  load  of  approximately ll3O pounds p e r  inch.  The 
d i f f u s i o n  bonded j o i n t  f a i l e d  i n  s h e a r  as shown i n  f i g u r e  27. The 
f a i l u r e  appeared t o  o r i g i n a t e  where incomplete  bonding occurred 
because of  t h e  misalignment of t h e  assembly as previous ly  d iscussed .  
When h y d r o s t a t i c -  
Ring Assembly No. 3 - Tested a t  -320°F 
When pressur ized  wi th  l i q u i d  n i t rogen ,  (-320°F) * t h i s  tank  f a i l e d  
a t  1440 ps ig .  
s t r e s s  of 62,000 p s i  and a j o i n t  s h e a r  l oad  of 3100 pounds p e r  inch .  
The tank f a i l e d  i n  t h e  l o n g i t u d i n a l  weld of  t h e  2219-~62  tank s h e l l  
as shown i n  t h e  photograph on Figure 28. 
i n t o  the aluminum r i n g  i n  t h e  bonded j o i n t  and pee led  t h e  aluminum 
This  f a i l u r e  load  corresponds t o  a hoop t e n s i l e  
The f a i l u r e  then  propagated 
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ring from the  s t a i n l e s s  s t e e l  r ing .  
d i f f u s i o n  zone between t h e  s i l v e r  p l a t i n g  and 2219 aluminum a l l o y .  
In spec t ion  of t h e  peeled j o i n t  showed t h a t  10% of  the  s u r f a c e  w a s  
d i f f u s i o n  bonded. 
The pee l ing  occurred a t  the  
Based upon t h e  r e s u l t s  of t h e  eight- inch diameter t e s t  assembly i n v e s t i -  
g a t i o n ,  i n  conjunct ion wi th  t h e  development work on f l a t  specimens, t h e  
d i f f u s i o n  bonding process  w a s  s e l e c t e d  as the  method f o r  f a b r i c a t i o n  of 
t h e  20-inch diameter  tanks.  As mentioned previous ly ,  t h e  f u s i o n  weld- 
i n g  method was considered t o  be d i f f i c u l t  f o r  a d a p t a t i o n  t o  product ion 
cond i t ions ,  due t o  requirements  f o r  manual a luminizing and welding 
techniques.  I n  a d d i t i o n ,  t he  fus ion  welding process  d i d  not  provide 
any s i g n i f i c a n t  growth p o t e n t i a l  i n  ob ta in ing  h ighe r  tank  hoop t e n s i l e  
stresses. 
Di f fus ion  bonding r e s u l t e d  i n  high s t r e n g t h ,  d u c t i l e  j o i n t s  without  
formation of  de t r imen ta l  in te rmedia te  phases at t h e  j o i n t  i n t e r f a c e .  
Due t o  t h e  lower process ing  temperature,  as compared t o  f u s i o n  welding, 
d i f f u s i o n  bonding i n h e r e n t l y  r e t a i n s  h ighe r  base metal p r o p e r t i e s .  I n  
a d d i t i o n ,  a d a p t a b i l i t y  o f  t h e  d i f f u s i o n  bonding p rocess  t o  product ion 
use  appeared exce l l en t .  Process  c o n t r o l s  such as c leaning ,  assembling 
and thermal  cyc l ing ,  were r e a d i l y  compatible wi th  p re sen t  product ion 
technology and f a c i l i t i e s .  Modif icat ions of t h e  t o o l i n g  method develop- 
ment could be e f f e c t i v e l y  used f o r  economical f a b r i c a t i o n  of l a r g e  
t u b u l a r  assemblies ,  
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TWENTY-INCH DIAMETER TEST ASSEMBLIES 
Four 20-inch diameter  321 s t a i n l e s s  s t e e l  t o  2219 aluminum a l l o y  j o i n t  
assembl ies  were f a b r i c a t e d  by d i f f u s i o n  bonding. Figure 29 shows t h e  
conf igura t ion  of t he  t e s t  tank con ta in ing  a d i f f u s i o n  bonded r i n g  
assembly. 
of  t h e  d i f f e r e n t i a l  thermal expansion f i x t u r e  used f o r  d i f f u s i o n  
bonding. 
Figure 30 shows t h e  arrangement of t he  r i n g  assembly and 
This  po r t ion  of t he  r e p o r t  w i l l  be d iscussed  i n  t h r e e  main s e c t i o n s :  
1. Descript ion of P a r t s  f o r  20-Inch Diameter Assemblies 
2. 
3 .  
Diffus ion  Bonding of 20-Inch Diameter Ring Assemblies 
Pressure Tes t ing  of 20-Inch Diameter Tanks 
DESCRIPTION OF PARTS FOR 20-INCH DIAMETER ASSEMBLIES 
321 STAINLESS STEEL RINGS 
Rings of 321 s t a i n l e s s  s t e e l  11 inches  long were c u t  from a s e c t i o n  of 
a n  experimental  Sa tu rn  cold-spun f u e l  l i n e  tube  which had a y i e l d  
s t r e n g t h  of approximately 140,000 p s i .  Diameter and w a l l  t h i ckness  
measurements of t he  machined r i n g s  a r e  l i s t e d  i n  Table V. 
2219 ALUMINUM A U O Y  RINGS 
A c y l i n d r i c a l  s h e l l  of 2219 aluminum a l l o y  was made by r o l l i n g  and b u t t  
fu s ion  welding 0.500-inch t h i c k  p l a t e .  After welding, t h e  s h e l l  was 
s o l u t i o n  t r e a t e d  and aged t o  t h e  -T62 condi t ion .  Following h e a t  treat- 
ment, three-inch-long rings were machined t o  t h e  dimensions shown i n  
Table V. 
ALUMINUM TANK SHELLS 
Tank s h e l l s  of 2219 aluminum a l l o y  were r o l l e d ,  welded and h e a t  t r e a t e d  
t o  t h e  - ~ 6 2  condi t ion .  
I . D .  of  20.00 inches  and a w a l l  t h i c k n e s s  of 0.125 inch.  
The s h e l l s  were 9.00-inches long  and had a n  
TANK HEADS 
F l a t  tank heads o f  2219-~62 aluminum a l l o y  and annealed 321 s t a i n l e s s  
s t e e l  were machined from 1.50-inch t h i c k  p l a t e .  
DIFFUSION BONDING OF 20-INCH DIAMETER R I N G  ASSEMBLIES 
The 321  s t a i n l e s s  s t e e l  and 2219 aluminum a l l o y  r i n g s  were s i l v e r  p l a t e d  
on the  i n t e r f a c e  su r faces ,  as shown i n  F igure  31. 
used a r e  out l ined  i n  t h e  Appendix C. Immediately p r i o r  t o  bonding, t h e  
s i l v e r  p l a t ed  s u r f a c e s  were l i g h t l y  a b r a s i v e l y  cleaned wi th  240 g r i t  
sand paper and cleaned wi th  acetone.  P r i o r  t o  assembly, t h e  t o o l i n g  
used f o r  d i f f u s i o n  bonding w a s  vapor degreased. 










The fol lowing sequence was used t o  assemble,  d i f f u s i o n  bond, and d i s -  
assemble the  parts. A l l  o f  t h e  major t o o l i n g  and assembly components 
are i l l u s t r a t e d  i n  Figure 30. Each assembly sequence d iscussed  below 
i t ems  1 through 5, is a l s o  designated on f igure  30, such as r t @ t l .  
The s t a i n l e s s  s t e e l  tube  was heated t o  250°F and w a s  i n s t a l l e d  
wi th  a s h r i n k  f i t  on the 321 s t a i n l e s s  s t e e l  i n n e r  mandrel. See 
Table V f o r  sh r ink  f i t  to le rances .  
The i n n e r  spacer ,  base p l a t e ,  b o l t  and nut  were i n s t a l l e d  t o  the  
s t a i n l e s s  s t e e l  r i n g  and mandrel. 
The o u t e r  space r s  were a t tached  t o  the s t a i n l e s s  s t e e l  r ing .  
The aluminum r i n g  w a s  heated t o  250°F and i n s t a l l e d  ( s h r i n k  f i t )  
over  t he  s t a i n l e s s  s t e e l  r i n g  and bear ing  a g a i n s t  t he  o u t e r  
spacers .  Af t e r  i n s t a l l i n g  on the  s t a i n l e s s  s t e e l  r i ng ,  t h e  
aluminum r i n g  had a n  i n t e r f e r e n c e  f i t  c f  approximately 0.025 
inches  wi th  t h e  o u t e r  t o o l  r ing .  This  0.025-inch i n t e r f e r e n c e  
f i t  provided t h e  requi red  pre load  t o  produce adequate p re s su re  
dur ing  bonding 
The o u t e r  ItT-ltt  low a l l o y  s t e e l  r i n g  was preheated t o  6 0 0 0 ~  f o r  
i n s t a l l a t i o n  onto  the aluminum r ing.  Liquid n i t rogen  (LN2) w a s  
poured on t o p  o f  t h e  mandrel t o  s h r i n k  t h e  aluminum r i n g  assembly. 
The aluminum r i n g  assembly w a s  then  lowered i n t o  the  hea ted  tool 
r i n g  as  shown i n  Figure 32. 
The e n t i r e  d i f f u s i o n  bond assembly and f i x t u r e  were he ld  a t  room 
temperature  i n  a n  a i r  atmosphere f o r  40 minutes u n t i l  all p a r t s  
s t a b i l i z e d  a t  approximately 250°F. The f i x t u r e  and assembly were 
then  p laced  i n  a n  air  atmomhere furnace  f o r  d i f f u s i o n  bonding 
a t  t h e  d e s i r e d  time and temperature.  Af t e r  d i f f u s i o n  bonding, 
t he  assembl ies  were removed from the  furnace and air  cooled. 
Af t e r  coo l ing ,  t h e  d i f f u s i o n  bonded assembly was removed as shown 
i n  f igure  33. LN2 was poured On t o p  of  t h e  i n n e r  mandrel, w h i l e  
t h e  o u t e r  t o o l  r i n g  was maintained near  room temperature by hea t -  
i n g  wi th  a n  oxyacetylene torch. When the  i n n e r  mandrel c o o l s  
s u f f i c i e n t l y ,  t h e  o u t e r  t o o l  r i n g  dropped from t h e  assembly. 
This  ope ra t ion  requi red  approximately 30 minutes and about  10 
g a l l o n s  of  LN2. 
The base p l a t e  and spacers  were removed and t h e  d i f f u s i o n  bonded 
assembly w a s  hea ted  with an oxyacetylene t o r c h  as  shown i n  f igu re  
34. 
t u r e ,  i t  s l i d  from the  mandrel as shown i n  Figure 35. Time 
r equ i r ed  f o r  t h i s  opera t ion  w a s  approximately t h r e e  minutes. 
When t h e  d i f f u s i o n  bonded r i n g  assembly reached room tempera- 
The fol lowing d e s c r i b e s  t h e  d i f f u s i o n  bonding cyc le ,  examination, and 
*hemal shock cyc l ing  r e s u l t s  fo r  each r i n g  assembly; 
29 
R I N G  ASSEMBLY NO. 1 
The first r i n g  assembly was d i f f u s i o n  bonded a t  500°F f o r  4 hours.  
This  bonding cyc le  w a s  s e l e c t e d  f o r  t he  fol lowing reasons :  
a n a l y s i s  i nd ica t ed  t h a t  the  20-inch diameter  t o o l i n g  would proviue 
g r e a t e r  d i f f e r e n t i a l  expansi-on than  the  8-inch diameter  t oo l ing ,  
(2 )  t he  lowest p o s s i b l e  t ime and temperature cyc le  w a s  d e s i r a b l e  i n  
o r d e r  t o  minirrize degrada t ion  of  t he  2219 aluminum a l l o y  p r o p e r t i e s ,  
and (3) the parameter s tudy showed t h a t  t h e  500°F f o r  4 hour cyc le  
produced the most d u c t i l e  j o i n t .  
(1)  
After bonding, measurements showed t h a t  t he  aluminum r i n g  had com- 
p res s ive ly  y i e lded  0.003 t o  0.004-inch i n  w a l l  th ickness .  
s t e e l  r i n g  w a s  reduced by approximately 0.008-inch i n  diameter  as shown 
i n  Table V I .  This  i n d i c a t e s  t h a t  compressive r e s i d u a l  s t r e s s e s  were 
r e t a i n e d  i n  t h e  321  s t a i n l e s s  s t e e l  r ing .  Measurements of the  t o o l i n g  
a f t e r  bonding (Table V)  showed the  i n n e r  mandrel was reduced 0.004-inch 
i n  diameter due t o  shr inkage.  
The s t a i n l e s s  
The bonded assembly w a s  t hen  t h e m a l l y  cycled t e n  times from RT t o  
-320°F w i t h  no evidence of j o i n t  f a i l u r e .  
R I N G  ASSEMBLY NO. 2 
The second r i n g  assembly w a s  a l s o  d i f f u s i o n  bonded a t  500°F f o r  4 hours.  
Af t e r  bonding, measurements showed the  aluminum r i n g  had compressively 
y ie lded  0.001 t o  0.002-inch i n  w a l l  t h i ckness  and t h e  s t a i n l e s s  s t e e l  
r i n g  was reduced by approximately 0.008-inch i n  diameter  as shown i n  
Table V I .  Measurement of t h e  t o o l i n g  (Table V)  showed the  i n n e r  mandrel 
con t r ac t ed  a n  a d d i t i o n a l  0.004-inch i n  diameter.  
0.008-inch i n  sh r i rkage  had occurred a f t e r  process ing  of assembl ies  
No. 1 and 2. Thermal cyc l ing  t e n  t imes from RT t o  -320OF r e s u l t e d  i n  
no evidence o f  j o i n t  f a i l u r e .  
Therefore ,  a t o t a l  of  
R I N G  ASSEMBLY NO. 3 
P r i o r  t o  d i f f u s i o n  bonding t h e  t h i r d  assembly, t h e  o u t s i d e  diameter  of 
t h e  i n n e r  mandrel was inc reased  t o  20.000-inch (Table V). This  was 
accomplished by s h r i n k - f i t t i n g  a s t a i n l e s s  s t e e l  hoop, having a n  0.005- 
inch  w a l l ,  around t h e  per iphery  of the  i n n e r  mandrel. 
The t h i r d  assembly w a s  d i f fus io r ,  bonded a t  500°F f o r  4 hours.  Af t e r  
bonding, measurements showed t h a t  t h e  aluminum r i n g  had compressively 
y i e lded  0.003 t o  0.004-inch i n  w a l l  t h i ckness  and t h a t  the s t a i n l e s s  
s t e e l  r i n g  con t r ac t ed  approximately 0.008-inch i n  d iameter  (Table VI). 
No evidence of  j o i n t  f a i l u r e  was observed i n  the  bonded assembly a f t e r  
thermally cyc l ing  t e n  times from RT t o  -320OF. 
R I N G  ASSEMBLY NO. 4 
Measurements of d i f f u s i o n  bonded assembl ies  No, 2 and 3, revea led  t h a t  
t he  amount of compressive y i e ld ing  obtained on t h e  aluminum r i n g  w a s  
marginal  t o  produce 1ooOk d i f f u s i o n  bonded j o i n t s .  It was evident  t h a t  
t he  5W°F  f o r  4 hour cyc le  d id  not r e s u l t  i n  uniform and s u f f i c i e n t  
p re s su re  on the  j o i n t  i n t e r f a c e  with the  20-inch diameter  t oo l ing .  
Therefore ,  t h e  fou r th  r i n g  assembly was d i f f u s i o n  bonded a t  6 0 0 0 ~  f o r  
2 hours. 
p re s su re  and provided a d d i t i o n a l  compressive y i e l d i n g  of t h e  aluminum. 
This  thermal cyc le  allowed more uniform and h ighe r  bonding 
Af te r  bonding, measurements showed the  aluminum had compressively 
y i e lded  0.006 t o  0.007-inch i n  wall thickness .  
321  s t a i n l e s s  s t e e l  r i n g  w a s  reduced by approximately 0.008-inch, 
(Table VI). 
The diameter  of t h e  
The bonded assembly was then  thermally cycled t e n  times from RT t o  -320°F 
wi th  no evidence o f  j o i n t  f a i l u r e .  
PRESSURE TESTING O F  20-INCH DIAMETER TANKS 
Each of t he  fou r  d i f f u s i o n  bonded r i n g  assembl ies  w a s  welded i n t o  a 
tank  assembly as shown i n  Figure 29. 
helium l e a k  de tec to r .  The d i f f u s i o n  bonded j o i n t s  of  Tank Nos. 1, 3 
and 4 were found t o  be l e a k  t i g h t .  
i n  the  d i f f u s i o n  bonded j o i n t .  
Each tank w a s  l e a k  t e s t e d  wi th  a 
Tank No. 2 exh ib i t ed  a small l e a k  
A f t e r  t h e  helium l e a k  check, each tank  was pressure  cyc led  and b u r s t  
t e s t e d  a t  t h e  p re s su res  and temperatures shown i n  Table V I I .  The follow- 
i n g  d e s c r i b e s  the  r e s u l t s  of t h e  p re s su re  t e s t i n g :  
TEST ASSEMBLY NO. 1 
The first tank s u c c e s s f u l l y  passed the  room temperature c y c l i n g  t e s t  
(Table VII) .  
a t  470 ps ig .  
as i l l u s t r a t e d  i n  FYgure 36. 
occurred by shea r ing  p a r t l y  a t  the silver-aluminum i n t e r f a c e  (40%) and 
p a r t l y  a t  the  s i l v e r - s i l v e r  i n t e r f a c e  (6%). Measurements of t h e  tank 
a f t e r  t e s t i n g  showed t h e  aluminum r i n g  had deformed O,O7O i nches  r a d i a l l y  
as shown i n  Table V I 1  and t h a t  the s t a i n l e s s  s t ee l  r i n g  had re turned  t o  
i ts o r i g i n a l  diameter  of 20.161 inches.  
During t h e  b u r s t  t e s t  a t  room temperature ,  t h e  tank f a i l e d  
The tank  f a i l e d  by shea r ing  i n  the  d i f f u s i o n  bonded j o i n t  
Inspect ion of t he  j o i n t  showed t h e  f a i l u r e  
The appearance of  t h e  j o i n t  a f t e r  t e s t i n g  ind lca t ed  t h e  bonded a r e a  w a s  
vo id  f r e e .  A s  noted previous ly ,  however, t h e  aluminum r i n g  deformed 
dur ing  the  b u r s t  t e s t  as shown by Table V I I .  This  deformation would 
app ly  a p e e l  f o r c e  t o  the bonded area and con t r ibu te  t o  i n i t i a t i o n  of 
t h e  f r a c t u r e .  
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TEST ASSEMBLY NO. 2 
The second tank,  t e s t e d  with LN2, b u r s t  a t  350 p s i g  dur ing  t h e  82nd 
cyc le  of the cyc l ing  tes t .  
s i l v e r - s i l v e r  i n t e r f a c e .  Examination of t he  j o i n t  revea led  t h a t  t h e  
f r a c t u r e  occurred i n  the  area where t h e  helium leak-check i n d i c a t e d  
a small leak. 
The j o i n t  f a i l e d  p r imar i ly  by shea r  a t  t h e  
The j o i n t  was bonded randomly i n  only 25% of t h i s  area. 
Measurements of t h e  tank a f t e r  t e s t i n g  showed t h e  aluminum r i n g  had 
not  deformed during c y c l i c  p re s su re  t e s t i n g ,  and t h a t  t h e  s t a in l e s s  
s t ee l  r i n g  had re turned  t o  i t s  o r i g i n a l  diameter  of 20.162 inches .  
The cause of the  tank f a i l u r e  w a s  incomplete d i f f u s i o n  bonding. 
shows t h e  aluminum r i n g  compressively y ie lded  from 0.001 - 0.003-inch 
during bonding. This  amount of deformation was not s u f f i c i e n t  t o  b r i n g  
a l l  areas of t he  j o i n t  i n t o  t h e  i n t i m a t e  con tac t  which i s  requ i r ed  f o r  
complete d i f f u s i o n  bonding of t h e  fay ing  sur face .  Previous parameter 
work ind ica t ed  t h a t  a minimum of 0.004-inch of compressive y i e l d i n g  
of t h e  aluminum a l l o y  w a s  necessary t o  i n s u r e  a s t r o n g  void-free j o i n t .  
Therefore ,  due t o  the  shr inkage of t he  i n n e r  mandrel dur ing  t h e  f a b r i -  
c a t i o n  of assemblies  No. 1 and 2, i t  w a s  ev ident  t h a t  s u f f i c i e n t  
p re s su re  was not  obtained on assembly No. 2 t o  o b t a i n  the  d e s i r e d  com- 
p res s ive  y i e ld ing  of the  aluminum r ing .  
Table V I  
TEST ASSEMBLY NO. 3 
The t h i r d  tank s u c c e s s f u l l y  passed the  cyc l ing  t e s t  when p res su r i zed  
wi th  LN2, Table V I I .  
505 ps ig .  by shear ing  p a r t l y  a t  t h e  s i l v e r - s i l v e r  (70"h) and p a r t l y  a t  
silver-aluminum (30%) i n t e r f a c e s .  Examination of t h e  j o i n t  i n d i c a t e d  
t h a t  i t  contained approximately lQ% unbonded a r e a  randomly d i s t r i b u t e d .  
Measurements of t he  tank  showed t h e  aluminum r i n g  had deformed 0.05- 
i nch  r a d i a l l y  (Table VII) dur ing  b u r s t  t e s t i n g  and t h a t  t he  s t a i n l e s s  
s t e e l  r i n g  had r e tu rned  t o  i t s  o r i g i n a l  diameter  of 20.162 inches .  
During the  b u r s t  t e s t  with LN2 the  tank f a i l e d  a t  
Table V shows t h a t  t h e  aluminum r i n g  had only compressively y i e lded  
0.003-0.004-inch i n  w a l l  th ickness .  
The excessive deformation of t he  aluminum r i n g  dur ing  b u r s t  t e s t i n g  
app l i ed  a pee l ing  fo rce  t o  t h e  bonded area which con t r ibu ted  t o  i n i t i a -  
t i o n  of the f a i l u r e .  
TEST ASSEMBLY NO. 4 
Based upon t h e  cumulative process ing  exper ience  obta ined  from t h e  first 
t h r e e  20-inch diameter  assembl ies ,  t h e  f o u r t h  t ank  assembly w a s  made 
and i t  produced the  most s u c c e s s f u l  r e s u l t s .  
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This  assembly s u c c e s s f u l l y  passed t h e  -320°F c y c l i c  t e s t  (310 p s i g  f o r  
60 cycles ,  and 240 p s i g  f o r  140 cyc le s )  as shown i n  Table V I I .  
b u r s t  at 670 p s i g  dur ing  t e s t i n g .  
t o  a hoop stress of 53,600 p s i  which exceeds t h e  y i e l d  s t r e n g t h  of 
2219-~62 aluminum a l l o y  a t  -320°F. 
The tank 
Th i s  b u r s t  p re s su re  i s  equ iva len t  
The j o i n t  sheared p r imar i ly  a t  the silver-aluminum i n t e r f a c e  as i l l u s -  
t r a t e d  i n  Figure 36. Examination o f  t h e  j o i n t  showed t h e  fay ing  s u r f a c e  
had been completely d i f f u s i o n  bonded. Measurements of  t h e  tank revea led  
the  aluminum r i n g  had deformed 0.110-inch r a d i a l l y  (Table VII) dur ing  
b u r s t  t e s t i n g  and t h a t  the  s t a i n l e s s  s t e e l  r i n g  had r e tu rned  t o  i ts  
o r i g i n a l  diameter  of 20.161 inches.  
Table V I  shows t h e  aluminum r i n g  compressively y i e lded  0.006-0.007-inch 
i n  w a l l  t h i ckness  dur ing  d i f f u s i o n  bonding. This  demonstrates  t h a t  t h e  
600°F f o r  2 hours  d i f f u s i o n  bonding cyc le  exer ted  adequate  p re s su re  
dur ing  bonding and brought the faying s u r f a c e s  i n t o  complete contact .  
The 0.110-inch r a d i a l  deformation of  t he  aluminum r i n g  dur ing  b u r s t  
test ,  Table V I I ,  a p p l i e d  a p e e l  l oad  t o  t h e  bonded area which probably 
i n i t i a t e d  f a i l u r e  of  t he  j o i n t .  
Excessive deformation of  t h e  2219 aluminum a l l o y  r i n g  had a l s o  occurred 
dur ing  b u r s t  t e s t i n g  assemblies Nos. 1 and 3. Redesign of t h e  aluminum 
r i n g  t o  provide an i n c r e a s e  i n  wall t h i c k n e s s  of 15 p e r  c e n t ,  w i l l  s i g n i -  
f i c a n t l y  decrease  t h i s  p e e l  load and r e s u l t  i n  h ighe r  b u r s t  p ressures .  
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D I S C U S S I O N  
This  i n v e s t i g a t i o n  has considered t h e  problem of ob ta in ing  a s t r u c t u r a l l y  
r e l i a b l e  j o i n t  between s t a i n l e s s  s t e e l  and 2219 aluminum a l l o y  tub ing  of 
l a r g e  diameter.  
b e s t  p rocess  t o  produce these  j o i n t s .  
economical p rocess  f o r  d i f f u s i o n  bonding has  been developed and demon- 
s t r a t e d .  
which have been analyzed o r  t e s t e d  dur ing  the  course of t h i s  i n v e s t i g a -  
t i o n  have been shown t o  have inhe ren t  disadvantages o r  l i m i t a t i o n s  when 
a p p l i e d  t o  t h e  problem a t  hand. 
The program r e s u l t s  show t h a t  d i f f u s i o n  bonding i s  the  
A s imple,  r e l i a b l e  and p o t e n t i a l l y  
Two o the r  f e a s i b l e  processes  - braz ing  and GTA welding - 
The GTA fus ion  welding p rocess  could be adapted f o r  directly Joining 
l a r g e  diameter tub ing  of 2219 aluminum a l l o y  t o  321  s t a i n l e s s  s teel .  
However, the method w i l l  not produce r e l i a b l e  j o i n t s  due t o  (I) t h e  
d i f f i c u l t y  i n  c o n t r o l l i n g  t h e  amount of b r i t t l e  i n t e r f a c i a l  i r o n -  
aluminide phase, (2) t h e  r e s u l t a n t  low j o i n t  p e e l  s t r e n g t h  and ( 3 )  t h e  
need f o r  manual a luminiz ing  and welding opera t ions .  
The d i p  brazing method was not  developed f u r t h e r  i n  t h i s  program because 
(1) l i m i t i n g  t h e  inhe ren t  formation of e m b r i t t l i n g  phases  a t  the  j o i n t  
i n t e r f a c e  would be d i f f i c u l t ;  (2) 2219 aluminum a l l o y  cannot be brazed 
d i r e c t l y  t o  s t a i n l e s s  s t e e l  and t h e r e f o r e ,  a lower s t r e n g t h  t r a n s i t i o n  
m a t e r i a l  such as 6061 aluminum a l l o y  would be r equ i r ed ;  and ( 3 )  t o o l i n g  
and to le rance  requirements  would seve re ly  l i m i t  its use  i n  j o i n i n g  l a r g e  
diameter  components. 
I n  c o n t r a s t ,  the  d i f f u s i o n  bonding process  overcame t h e  major problem 
common t o  the  o the r  two processe6. The low p rocess  temperature  combined 
wi th  t h e  use of  d i f f u s i o n  a i d s  ensured e f f e c t i v e  c o n t r o l  of i n t e r m e t a l l i c  
compound development. I n  a d d i t i o n ,  extremely c l o s e  t o l e r a n c e  c o n t r o l  of  
time and temperature was not r equ i r ed  t o  produce r e l i a b l e  j o i n t s  by t h i s  
process .  However, i n  t h e  case  of t he  t h i r d  parameter  p r e s s u r e ,  a p r e c i s e  
method had t o  be devised t o  apply  t h e  c o r r e c t  bonding f o r c e  t o  t h e  t u b u l a r  
assembly. Such a method would ensure  a p p l i c a t i o n  of s u f f i c i e n t  uniform 
fo rce  t o  the mating s u r f a c e s  t o  provide  complete bonding, y e t  no t  apply  
s o  much force t h a t  excess ive  compressive y i e l d i n g  of t h e  aluminum compo- 
nent  would r e s u l t  i n  deformation of t h e  bonded j o i n t .  By t a k i n g  advantage 
of t h e  d i f f e rence  between t h e  thermal  expansion c o e f f i c i e n t s  of low a l l o y  
s t e e l  and s t a i n l e s s  s tee l ,  t o o l i n g  was developed which provided a uniform 
and reproducible  bonding pressure .  Th i s  i n v e s t i g a t i o n  has a l s o  shown 
t h a t  proof of adequate p re s su re  a p p l i c a t i o n  can  be r e a d i l y  a s c e r t a i n e d  
by measuring j o i n t  t h i c k n e s s  p r i o r  t o  and a f t e r  bonding. 
compressive y i e l d i n g  of t h e  aluminum a l l o y  dur ing  bonding g i v e s  a s su rance  
of a 100% bonded j o i n t ,  t he  measurement o f  j o i n t  t h i c k n e s s  p rov ides  a 
simple and unique method of  p rocess  con t ro l .  
S ince  adequate  
The d i f f u s i o n  bonding p rocess  parameters of time, temperature ,  and 
p res su re  have been s u f f i c i e n t l y  inves t iga t ed  t o  d e f i n e  a product ion  
process  r e s u l t i n g  i n  c o n s i s t e n t  j o i n t  p rope r t i e s .  
The process  v a r i a b l e s  of s u r f a c e  f i n i s h ,  c leaning ,  and p l a t i n g  were 
l e s s  c r i t i c a l  t han  t h e  requirement f o r  uniform and c o n s i s t e n t  a p p l i c a t i o n  
of pressure.  Sur face  f i n i s h ,  e i t h e r  as machined o r  co ld  spun, r e s u l t e d  
i n  producing accep tab le  bonded j o i n t s .  Cleaning of  t h e  j o i n t  i n t e r f a c e s  
p r i o r  t o  bonding was required.  However, once cleaned,  t he  s i l v e r  p l a t e d  
s u r f a c e s ,  even when exposed t o  normal shop s o i l  and furnace ox ida t ion ,  
provided s u c c e s s f u l  d i f f u s i o n  bonds. Commercial p r a c t i c e s  f o r  s i l v e r  
p l a t i n g  aluminum and s t a i n l e s s  s t e e l  are adequate.  
c o n t r o l  of p a r t s  and t o o l i n g ,  while c r i t i c a l  i n  some r e s p e c t s ,  i s  not  
beyond c u r r e n t  machine shop p rac t i ce .  
The dimensional 
The r e s u l t s  of  co r ros ion  t e s t i n g  i n d i c a t e  t h a t  e i t h e r  p r o t e c t i v e  
f i n i s h e s  o r  a c o n t r o l l e d  low humidity environment are necessary.  
p r o t e c t i o n  r equ i r ed  would be similar t o  that requ i r ed  f o r  any j o i n t  
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TABLE II 
SUMMARY OF DIFFUSION BONDING DEVELOPMENT 
2219 ALUMINUM TO 321 STEEL 
Specimen 
Sur face  Bonding 
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Bonding 
P res su re  
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21,400 I 1.50 I .014 1 7,750 / Complete s o l i d  
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8 I n t e r m i t  t e n t  
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~~ 
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S o l i d  s t a t e  
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10 26,000 3.5 .003 12 , 800 
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I I I I 
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Type Specimen 77°F - 3 2 0 0 ~  -423°F 
Welded 16,800 
18 , 000 
Sing le  18 , 040 ~ 





15 , 800 
17 , 400 
19 , 000 
Welded 16,640 
Double 16 , 480 
21 * 120 
23.100 
19 ; 500 
I -~~~ 
17 , 6' 
16 , 410 
15 , 800 
*Dif fus ion  Bonded 
e s i n g l e  ~ a p  
P l a t e d  pe r  
Appendix B 18 , 310 
23 , 250 
I 
19 9 900 
20 , 930 
16 , 250 
*Di f fus ion  Bonded 14 , 500 
14,280 
+Double Lap 15 , 880 
P l a t e d  per 15,750 
Appendix B 18,550 k=- 
20,900 L> 
I - 
I 20 , 4 5 0  
20 , 600 
24 , 000 
'D i f fus ion  Bonded 14,600 
S i n g l e  Lap 17 , 200 
P l a t e d  pe r  
15 , 100 
w 
I I I 18,800 Appendix C 
21,000 
23 9 750 
W S p e c i m e n s  broke i n  g r i p  s e c t i o n  
W . ; + r n s s  c a l c u l a t i o n  based on t h r o a t  dimension of  f i l l e t  weld. 
D A I l  Dit'Tusion Bonded Specimens Bonded a t  600°F - 2 Hours 
TABLE IV 
2 
SUMMARY OF CORROSION TESTS OF 321 STAINLESS STEEL 
JOINED TO 2219 ALUMINUM ALLOY 
2 
Specimen 
Conf igu ra t ion  
F i  1 l e t  Weld 
Lap J o i n t  
F i l l e t  Weld 
Lap J o i n t  
P i l l e t  Weld 
Lap J o i n t  
3i f f u s ion  Bond 
Lap J o i n t  
Specimen 
Pre coa t 
Met hod 
S t e e l  Dipped 
i n  Molten 
1100 Alloy 
S t e e l  Manually 
Coated w i t h  
718 Alloy 
S i l v e r  P l a t e d  
S t e e l  Manually 
Coated wi th  
718 Alloy 
S i l v e r  P l a t e  
on S t e e l  and 
on Aluminum 
Number of Specimf 
5% N a C l  Spr 
72 I 144 








er  Test S o l u t i o n  
Tap Water 
S i l v e r  P l a t e  
D i f f u s i o n  Bonded Specimen Welded Specimen 
39 
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SECTION VIEW OF 2219 ALUMINUM RING 
No. 1 No. 2 
PART 





















OUTSIDE DIA. 20.161 20.162 20.162 I 20.161 
OUTSIDE DIA 
I .084 -.Q,85 I .084 -.085 I .084 -.085 1 .083-.084 WALL THICKNESS 
20.445 20.445 20.443 20.442 
.144 -.145 
WALL 
THICKPJESS .144 -.145 .143- .144 .143 
After Assembly No. 2 the Mandrel Diameter W a s  19.990'' 
TABLE V 




Decrease in Wall 
Thickness of 
Aluminum Ring 
~ ~~ ~~ ~~ ~ 





Decrease in Diameter 
of Stainless 
Steel Ring 
I DIFFUSION BONDED ASSEMBLY NUMBER 
NO. 1 I No. 2 I NO. 3 I NO. 4 1 
I .003-.004 I .001-.003 I .003-.004 I .006- .007 
20.153 I 20.154 I 20.154 I 20.152 
Decrease in Thickness of Aluminum Ring 
L ------ - - 
. . . . -~ 
_ - .  . - _  
\ Diameter of Stainless Steel Ring 
\ I 
TABLE VI 





PSIG "AI'- INCHES 
TEST CYCLE NUMBER BURST Pr 
CYCLES PRESSURE 7 TANK NO. METHOD PSIG 
. 
3 50 200 470 37,600 .070 WATER 
AT R.T. 1 
3 50 85 - 28,000 0 LN2 
(Failed) -320°F 
2 
































































a m m L 
I W I  w 
0 77 +200 400 8 800 W 
a a 
680 -400 -200 
T E M P E R A T U R E  " E  
FIGURE 1: 
COMPARISON OF THERMAL EXPANSION OF VARIOUS ALLOYS 
43 




A Dilute Kel lers  Etch 2 50X 






3 21 Stainless 
* . a  Steel 
B Dilute Kel le rs  Etch 250X 
718 nraze Alloy on Copper Plated 321 Stainless Steel 
FIGURE 3: PHOTOMICROGRAPHS SHOWING DIFFUSION ZONE 
ON ALUMINUM BRAZED 321 STAINLESS STEEL 
4 4  
Dilute Kel le rs  Etch 500X 
FIGURE 4 ALUMINIZED COATING - AFTER 1-INCH RADIUS BEND 
MOLTEN 1100 ALLOY ALUMINUM (1325"F-15 SEC.) 
COATING APPLIED BY DIPPING BARE 321 STEEL IN 
500X 1/2% H F  Etch 
FIGURE 5 ALUMINIZED COATING - AFTER 1-INCH RADIUS BEND 
COATING OF 718 ALLOY APPLIED MANUALLY, DIFFUSED 
BY RADIANT HEAT FOR 30 SECONDS 
45 
350X 1 / 2  (% H F  Etch 
A COPPER PREPLATE - 1100 ALLOY, 
PLASMA ARC SPRAYED 
DIFFUSED IN 1150°F SALT FOR 1 MINUTE 
. - "  * , I  . . .. " . .  
1/2% HF Etch 500X 
SILVER PREPLATE - 1100 ALLOY, 
PLASMA ARC SPRAYED 
DIFFUSED IN 1150 F SALT FOR 1 MNUTE 
FIGURE (i ALUhriINIZED COATING - AFTER 1-INCH RADIUS BEND 
TYPICAL OF COPPER AND SILVER PREPLATE 
4 6  
FIGURE 8: DIFFERENTIAL THERMAL EXPANSION PRESS 
47 
Dilute Keller ' s Etch 
I 
I ,  4 2249 Alloy 
500X 
Boilding Temperature  - 700°F - 20 Minutes 
Bonding p res su re  initially 15000 psi ,  which 
was increased at 700'F to reduce the aluminum 
thickness by 25%. 
FIGURE 9 DIFFUSION BONDED BARE 321 STAINLESS 





Joint Interface 1 
500X 





B 1/2% H F  Etch 
FIGURE 10 DIFFUSION BONDED 2219 ALUMINUM TO 321 STEEL 
3.5 HOURS AT 500°F AND 26,000 PSI PRESSURE 
BOTH ALLOYS SILVER PLATED 
49 
221(  Aluminum 
1 5 0  X 
3 2 1  S t e e l  2214 A l u m ~ n u m  
DIFFUSION BONDED 
I 1 6 0  x 
FIGURE 11 SUMMARY OF ELECTRON MICROPROBE ANALYSIS 






















































Copper Plate . 0 0 06 " 
0 Silver Plate 
Dilute Nital Etch 500X (Viewed at 15" Angle) 
A 321 Stainless Steel Interface 
0 2219 Aluminum 
Copper Plate . 0 000 2 I' r 
1/2 % HF Etch 500X (Viewed at 15" Angle) 
B 2219 Aluminum Alloy Interface 
FIGURE 13: PHOTOMICROGRAPHS OF STAINLESS STEEL AND ALUMINUM 





2219 Aluminum T- ==F A Dilute Kellers Etch 15OX (Viewed at 15") 
Diffusion Bonded Joint (600°F - 2 hours) 
400°F-4 hours  500°F-2 Hours  600°F-2 Hours  700"F-20 min. 
B Dilute Kel le rs  Etch 500X (Viewed at 15") 
Silver - Aluminum Interface After  Various Bonding Cycles 
FIGURE 14: PHOTOMICROGRAPHS SHOWING THE EFFECT OF BONDING 
TIME AND TEMPERATURE ON THE GROWTH OF THE 
SILVER-ALUMINUM DIFFUSION ZONE 
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I I I I 
DIFFUSION BONDED TENSILE - SHEAR 
i I 1 I I I I I I  i I 
DIFFUSION BONDED DOUBLE LAP SHEAR 
I I  
1 
I 1 
t I I I I I I I I 
FUSION WELDED TENSILE - SHEAR 
!- 1.50 







FUSION WELDED DOUBLE LAP SHEAR 
FIGURE I5 SPECIMEN CONFIGURATIONS 
5 4  
A Joined by Diffusion Bonding 
B 
FIGURE 16 
Joined by GTA Welding 
SHEAR SPECIMENS - 321 STAINLESS STEEL JOINED 
TO 2219 ALUMINUM ALLOY 
55 
70°F Test -423°F Test  
A SINGLE LAP SHEAR 
70°F Test -423°F Test  
B DOUBLE LAP SHEAR 
FIGURE 17 FUSION WELDED SHEAR SPECIMENS AFTER FAILURE 
(2219 Aluminum To 321 Stainless Steel) 
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0 321 Steel 
Silver 
Original Interface P 
0 Failure Plane 
0 2219Alloy 
U ne t ched 1 oox 
A SINGLE LAP SHEAR -423°F TEST 
.'. -. - 
& - _  . 
0 321 Steel 
h Silver 
v Silver 
4 2219 Alloy 
Unetched lOOX 
B DOUBLE LAP SHEAR -423'F TEST 
FIGURE 18 DIFFUSION BONDED SHEAR SPECIMENS AFTER TEST 
(2219 Aluminum To 321 Stainless Steel) 
57 
321 Steel a 
A Unetched 50X 
After 72 Hours  in 5% NaCl Spray 
0 4043 Filler Alloy 
Dilute Keller ' s Etch 
After 144 Hours  i n  NaCl Spray 
50X B 
FIGURE 19 CORROSION SPECIMEN - 321 STAINLESS STEEL GTA 
WELDED TO 2219 ALUMINUM ALLOY 
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. =  
Silver Plate '0 
2219 Alloy 
A Dilute Keller ' s  Etch 7 5x 
a Steel 321 
Dilute Keller ' s Etch 7 5x B 
FIGURE 20 CORROSION SPECIMEN-SILVER PLATED 321 STEEL 
DIFFUSION BONDED TO SILVER PLATED 2219 ALUMINUM 
ALLOY AFTER 144 HOURS I N  5% NaCl SPRAY 
59 
.loo" Thick 
321 Stainless Steel 
A. CROSS SECTION OF WELDED JOINT USED IN BURST TEST AT 70°F. 
321 Stainless Steel 
Silver Plating on 
B. CROSS SECTION OF DIFFUSION BONDED JOINT USED IN BURST TEST AT 70°F. 
.lo0 "Thick 
321 Stainless Steel 
on Aluminum 
7- 
Copper - Silver Plating 8.377" I.D. 
on Stainless Steel .&--i__- - -  A ./- 
C. CROSS SECTION O F  DIFFUSION BONDED JOINT USED IN BURST TEST AT -320°F. 
FIGURE 21: CROSS SECTION OF JOINTS USED IN EIGHT-INCH 
DIAME TE R TANKS 
60 
A Joined by Diffusion Bonding 
B Joined by GTA Welding 
22 EIGHT INCH DIAMETER STAINLESS STEEL RING 
JOINED TO 2219 ALUMINUM ALLOY FUNG BY 
DIFFUSION BONDING AND WELDING 
61 




2219 Aluminum Ring 321 Stainless Steel Tube 
FIGURE 23: ARFUNGEMENT FOR DIFFUSION BONDING EIGHT-INCH 
DIAMETER ASSEMBLIES 
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0 2219 Alloy 
- Cu- Ag- A1 4 Diffusion Zone 
Silver Plate 
C opp er Plate 
321 Steel 
Unetched 250X 
A* Diffusion Bonded Joint Before Peel Test 
0 2219 Alloy 
D 0 Copper Plate 
4 321 Steel 
Unetche d 500X 
B. Diffusion Bonded Joint After Peel Test 
p u r f a c e  Waviness is a Result of Machining 
FIGURE 24: APPEARANCE OF A DIFFUSION BONDED JOINT TAKEN FROM 
A EIGHT-INCH DIAMETER FUNG 




321 Stainless Steel Joined To 2219 Aluminum Alloy By Welding 
(Room Temperature  Test - Failed at 650 PSIG) 
FIGURE 26. PHOTOGRAPH OF EIGHT-INCH DIAMETER WELDED 
TEST ASSEMBLY AFTER BURST TEST 
6 5  
A PRIOR TO BURST TEST 
Shear Failure 
.. 
B AFTER BURST TEST 
(Room Tempera ture  Test - Failed at 550 PSIG) 
FIGURE 27 EIGHT INCH DIAMETER TANK 321 STAINLESS STEEL 
DIFFUSION BONDED TO 2219 ALUMINUM ALLOY. 
66 
321 Stainless  Steel Joined To 2219 Aluminum Alloy by 
Diffusion Bonding (-320°F Test- Failed at 1440 PSIG) 
FIGURE 28. PHOTOGRAPH OF EIGHT-INCH DIAMETER DIFFUSION 
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INSTALLATION O F  DIFFUSION BOND ASSEMBLY NO. 1 INTO 
PREHEATED OUTER STEEL RING 
71 
FIGURE 33 
REMOVAL OF STEEL OUTER RING AFTER DIFFUSION BONDING 
72 
FIGURE 34 
REMOVAL OF DIFFUSION BONDED ASSEMBLY NO. 4 FROM MANDREL 
FIGURE 
FIGURE 3 5: APPEARANCE OF DIFFUSION BONDED ASSEMBLY #4 
AFTER REMOVAL OF MANDREL 
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No 1. Assembly 
470 Psig Burst 
RT 
I 
_ -  
No. 4 Assembly 
670 Psig Burst 
- 320" F 
FIGURE 36 
APPEARANCE OF TANKS AFTER BURST TEST 
APPENDIX A 
J O I N I N G  OF DISSIMILAR METALS 
A LITERATURE SURVEY 
A1 
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ABSTRACT 
A comprehensive l i t e r a t u r e  survey has been conducted on methods f o r  
t h e  j o i n i n g  of d i s s i m i l a r  a l l o y s  by welding, brazing,  d i f f u s i o n  bonding 
and so lder ing .  
which are used f o r  j o i n i n g  aluminum a l l o y s  t o  s t a i n l e s s  s teels .  
The survey w a s  d i r e c t e d  p r i m a r i l y  toward processes  
The b raz ing  and welding processes  r equ i r ed  t h e  s t a i n l e s s  s t e e l  t o  be 
precoated by a luminiz ing  o r  e l e c t r o p l a t i n g  p r i o r  t o  j o i n i n g  t o  permi t  
we t t ing  by t h e  braz ing  or welding f i l l e r  a l l o y .  
u s u a l l y  r e s u l t e d  i n  t h e  development of  a r e l a t i v e l y  b r i t t l e  i r o n -  
a luminide phase i n  t h e  i n t e r d i f f u s i o n  zone. 
t o  s teel  and copper a l l o y s  wi th  t h e  use  of t i n - l ead  o r  z inc  base so lde r s .  
Welding o r  braz ing  
Aluminum is  e a s i l y  so ldered  
Di f fus ion  bonding of d i s s i m i l a r  metals i n  t h e  bare c o n d i t i o n  r e q u i r e s  
c l e a n  s u r f a c e s  and h igh  pressure  and/or temperatures  t o  produce a bond. 
The most s u c c e s s f u l  method used a p res su re  which w a s  h igh  enough t o  
deform t h e  metals and cause p l a s t i c  flow a t  t h e  fay ing  s u r f a c e  t o  break 
oxide f i l m s  which are always present .  D i f fus ion  bonding is e a s i l y  per -  
formed us ing  s u r f a c e s  which a r e  e l e c t r o p l a t e d  with gold,  copper o r  
s i l v e r .  
D i s s i m i l a r  j o i n t s  of s t e e l  and aluminum should not  be s o l u t i o n  h e a t  
treated a f te r  welding because of t h e  formation of b r i t t l e  in t e rmed ia t e  
phases  a t  the  j o i n t  fay ing  sur face .  Corrosion of d i s s i m i l a r  metal 
j o i n t s  may be minimized by t h e  s e l e c t i o n  o f  metal combinations which 
have similar va lues  f o r  t h e i r  e lec t romot ive  s o l u t i o n  p o t e n t i a l .  
A 3  
INTRODUCTION 
The survey o f  l i t e r a t u r e  r e l a t e d  t o  t h e  j o i n i n g  of  d i s s i m i l a r  metals 
revea led  var ious i n v e s t i g a t o r s  u s u a l l y  emphasized a p a r t i c u l a r  
problem o r  phase of a j o i n i n g  process.  
To f a c i l i t a t e  t he  a n a l y s i s  of t h e  l i t e r a t u r e  the  most important  f a c e t  
of each i n v e s t i g a t o r ' s  work has been compiled i n  one o r  more of t h e  
fol lowing groups: 
Precoat ing of  S t e e l  
Fusion Welding 
Brazing and Solder ing  
Dif fus ion  Bonding 
Miscellaneous J o i n i n g  Methods 
Heat Treatment 
Corrosion Resis tance 
A 4  
PRECOATING OF STEEL 
Aluminum and its a l l o y s  can  be joined t o  stainless s t e e l  and f e r r o u s  
a l l o y s  by welding, brazing,  so lde r ing  and d i f f u s i o n  bonding. A l l  of  
t h e s e  methods normally r e q u i r e  the f e r r o u s  a l l o y  t o  be precoated i n  
some manner t o  inc rease  its w e t t a b i l i t y  dur ing  t h e  j o i n i n g  opera t ion .  
M i l l e r 1  r e p o r t s  that t h e  precoa t  t r ea tmen t s  i n c r e a s e  t h e  w e t t a b i l i t y  
of  t h e  s t e e l  and a l s o  permit  t h e  j o i n i n g  ope ra t ion  t o  be performed 
a t  a s h o r t  time a t  temperature ,  t hus  forming a lesser amount of  the  
b r i t t l e  in t e rmed ia t e  phases.  Miller r epor t ed  t h e  s u c c e s s f u l  use of 
t h e  fol lowing p recoa t  t reatments:  
a )  Coating t h e  s t e e l  wi th  t i n  s o l d e r  o r  pure  z i n c  p r i o r  
t o  gas  t o r c h  welding t h e  s tee l  t o  aluminum. 
b)  E l e c t r o p l a t i n g  s teel  with z i n c ,  copper o r  n i c k e l  p r i o r  
t o  braz ing  t o  aluminum. 
c )  Coating s t e e l  by hot dipping i n  molten aluminum p r i o r  
t o  braz ing  of s t e e l  t o  aluminum. Miller n o t e s  t h a t  t h i s  
p rocess  produces b r i t t l e  iron-aluminide a t  the  i n t e r f a c e .  
d )  Coating both t h e  s t e e l  and aluminum wi th  a s i l v e r  e l e c t r o -  
p l a t e  p r i o r  t o  d i f f u s i o n  bonding of t h e  p a r t s .  
2 Miller and Mason d iscussed  two methods f o r  precoat l l ig  304 s t a i n l e s s  
s t e e l  p r i o r  t o  welding t h e  s t e e l  t o  aluminum. The s teel  w a s  pre-  
coated by hot  d ipping  i n  1100 aluminum a l l o y  f o r  20 seconds a t  1275- 
1300°F, and by rub  coa t ing  with 718 aluminum a l l o y .  The i n t e r f a c i a l  
iron-aluminide zone produced by t h e  718 a l l o y  w a s  t h i n  i n  comparison 
t o  t h a t  produced by t h e  1100 a l loy .  
Finke and Begeman3 d i s c u s s  t h e  q u a l i t y  of  a luminized coa t ings  produced 
by Armco Steel  Corporat icn.  
pu re  aluminum and by ho t  dipping i n  a n  aluminum a l l o y  conta in ing  8.596 
s i l i c o n .  
a luminide d i f f u s i o n  zone than  t h a t  produced by t h e  pure aluminum. 
The s t e e l  was coa ted  by ho t  d ipping  i n  
The a l l o y  con ta in ing  s i l i c o n  produced a t h i n n e r  i ron -  
Stevens4 and Seal 5 repor t ed  on j o i n i n g  of  s t e e l  t o  c a s t  aluminum by 
t h e  Al-Fin process .  
i n  molten aluminum. The iron-aluminide i n t e r f a c i a l  zone w a s  normally 
.0004" t h i c k  and t h e  process  was c o n t r o l l e d  t o  prevent  t h e  zone from 
exceeding .001" i n  thickness .  The micro-hardness of t he  iron-aluminide 
l a y e r  was measured as approximately 875 Vickers  DPH. 
Andrew& determined that s t e e l  which w a s  p recoa ted  w i t h  molten t i n  
produced good f i l l e t  shea r  s t r e n g t h  when welded t o  aluminum a l l o y s .  
I n  t h i s  process  t h e  s t ee l  is precoa ted  by d ipping  
A 5  
W C O 7  developed a process  f o r  braz ing  s t a i n l e s s  s t e e l  tubes  t o  6061 
aluminum a l loy .  The s tee l  was e l e c t r o p l a t e d  wi th  a .0005" t h i c k  
l a y e r  of  t i n  p r i o r  t o  brazing. 
S o l a r  Aircraf t '  developed a p rocess  f o r  braz ing  3003 aluminum t o  321 
s t a i n l e s s  steel. 
Titanium reduced the  amount of iron-aluminide which formed dur ing  
t h e  braz ing  process.  
S t roup  and Purdy9 r epor t ed  on a l l  t h e  known processes  f o r  apply ing  
a n  aluminum coa t ing  t o  s tee l .  
f o r  use as a co r ros ion  r e s i s t a n t  coat ing.  
cuss ion  is how t h e  v a r i a b l e s  affect  the  formation of t he  iron-aluminide 
i n t e r f a c i a l  zone. The paper  states that t h e  iron-aluminide formation 
starts to  form a t  llOOOF and its formation w i l l  i n c r e a s e  as t h e  time 
a t  temperature increases .  
produce a th inne r  l a y e r  of  iron-aluminide than  t h a t  produced by pure 
aluminum f o r  any g iven  time and temperature.  
The s t ee l  was p l a t e d  wi th  t i t an ium p r i o r  t o  brazing.  
The processes  d iscussed  were p r imar i ly  
O f  i n t e r e s t  i n  t h e i r  d i s -  
The paper  shows that aluminum-silicon a l l o y s  
repor ted  on a l l  known processes  f o r  p r o t e c t i o n  o f  carbon 
s teels  from cor ros ion  by t h e  use  of  p r o t e c t i v e  metal coa t ings .  
d i p  aluminum gave good co r ros ion  r e s i s t a n c e .  
a1umini.de zone was kept  t h i n  as p o s s i b l e  t o  permit  bending of t h e  
aluminized steel  dur ing  f a b r i c a t i o n  processes .  
aluminized .040° t h i c k  s t e e l  was 3T. 
t h e  minimum r a d i u s  t o  prevent  c racking  on t h e  aluminum o u t s i d e  s u r f a c e  
and does not r e f e r  t o  t h e  iron-aluminide i n t e r f a c i a l  zone. 
Iamb and Wheeler'' conducted a n  i n v e s t i g a t i o n  t o  i d e n t i f y  the  composi- 
t i o n  of a n  aluminized coa t ing  produced by d ipping  s t e e l  i n t o  a n  aluminum 
ba th  conta in ing  1.1% i r o n  and 2.8% s i l i c o n .  The a n a l y s i s  performed by 
electron-probe microanalys is  showed t h a t  t h e  aluminum coa t ing  c o n s i s t e d  
of t h r e e  zones. 
middle zone contained FeA13, and t h e  o u t e r  zone contained t h e  as-dipped 
aluminum a l l o y  d ispersed  wi th  small p a r t i c l e s  o f  FeA13. 
Hot 
The i n t e r f a c i a l  i ron -  
Minimum bend r a d i u s  f o r  
It is assumed t h a t  t h i s  r e f e r s  t o  
The innermost (next  t o  t h e  s t e e l )  contained Fe2A1~; t h e  
A 6  
FUSION WELDING 
Aluminum a l l o y s  can be welded t o  d i s s i m i l a r  a l l o y s  provided t h e  d i s -  
similar a l l o y  is precoated wi th  an a l l o y  which w i l l  assist we t t ing  
and one which w i l l  r e t a r d  t h e  formation of b r i t t l e  i n t e rmed ia t e  
phases. During welding the  d i s s i m i l a r  metal  is g e n e r a l l y  not  melted 
but  only heated high enough t o  be wet by t h e  aluminum a l l o y  f i l l e r  
metal. 
Orysh, Betz and Husseyl' i nves t iga t ed  methods f o r  welding 2024 aluminum 
a l l o y  t o  low carbon s teel .  
cond i t ions  - (1) a z i n c  c o a t i n g  ,001 inches  t h i c k  a p p l i e d  by hot  
d ipping ,  (2) a n  aluminum c0atin.g .0005f1 t h i c k  a p p l i e d  by hot  d ipping  
and ( 3 )  a s i l v e r  braze a l l o y  coa t ing  ( e i t h e r  BAg-3 o r  BAg-10) . O l 5  
i nches  t h i c k  app l i ed  by a n  oxyacetylene torch.  The aluminum w a s  welded 
t o  t h e  s tee l  us ing  t h e  GTA process  and w i t h  718 aluminum f i l l e r  a l l o y .  
The s t ee l  was used i n  t h r e e  precoated 
Shear  and t e n s i l e  specimens were prepared f o r  s t a t i c  t e s t  and metal- 
log raph ic  examination. The specimens t e s t e d  us ing  s t e e l  which w a s  
p recoa ted  wi th  z inc  o r  aluminum u s u a l l y  f a i l e d  a t  t h e  weld t o  s t e e l  
i n t e r f a c e  due t o  t h e  formation of iron-aluminide dur ing  welding. The 
specimens t e s t e d  us ing  s t e e l  which was precoated wi th  t h e  s i l v e r  a l l o y  
u s u a l l y  f a i l e d  a t  t h e  weld t o  s i l v e r  i n t e r f a c e  due t o  a new phase 
which formed between the s i l v e r  and aluminum dur ing  welding. The s h e a r  
s t r e n g t h s  obtained by the  t h r e e  methods cannot be compared because 
f i l l e t  weld s i z e  is not  c l e a r l y  ind ica t ed  i n  t h e  r epor t .  
S toeh r  and C o l l i n s l 3  desc r ibe  a method f o r  GTA s p o t  welding of  s t e e l  
t o  aluminum. 
similar t o  that f o r  making aluminum t o  aluminum s p o t  welds - t he  only 
d i f f e r e n c e  being a p i l o t  hole  requi red  i n  the  s t e e l  when its th i ckness  
exceeds .030 inches.  Aluminum a l l o y s  were used f o r  t h e  f i l l e r  wire. 
When making t h e  weld, some of the s t e e l  is melted; however, t he  arc 
f o r c e  pushes t h e  molten s t e e l  t o  t he  ou t s ide  per iphery  of t h e  weld 
and l e a v e s  a co re  of r e l a t i v e l y  pure and d u c t i l e  aluminum f i l l e r  metal. 
The procedure used i n  making t h e  GTA s p o t  welds i s  
The welds possessed adequate  u l t ima te  shea r  s t r e n g t h  bu t  developed a 
l o o s e  j o i n t  a t  partial load ing  due t o  f r a c t u r i n g  o f  t h e  b r i t t l e  i ron -  
a luminide.  The "headff of t h e  weld a c t s  similar t o  a r i v e t  head and 
p reven t s  j o i n t  s epa ra t ion .  Successfu l  welds were made when j o i n i n g  
v a r i o u s  aluminum a l l o y s  t o  aluminized s t e e l ,  bare  s t e e l  and t o  galvan- 
i z e d  s t e e l .  
used on non-s t ruc tura l  commercial a p p l i c a t i o n s .  
Miller and Mason2 d i s c u s s  a procedure f o r  GTA welding aluminized (ho t  
dipped i n  1100 a l l o y )  304 s t a i n l e s s  s t e e l  t o  6061 and 3004 aluminum 
a l l o y s .  
c a n  be concent ra ted  on t h e  aluminum s i d e  of t h e  j o i n t  t o  prevent  over- 
h e a t i n g  and cracking  of  t h e  aluminized s u r f a c e  of  t h e  s tee l .  
GTA s p o t  welds f o r  j o i n i n g  aluminum t o  s tee l  a r e  p r e s e n t l y  
The a u t h o r s  s t a t e  t h e  j o i n t s  must be designed s o  t h e  a r c  
Such 
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c racks  do not h e a l  and a r e  a source of weakness o r  leakage i n  t h e  
j o i n t .  Properly made welds are vacuum t i g h t  and w i l l  r es i s t  thermal  
shock. The average s h e a r  s t r e n g t h  of welds made us ing  4043 aluminum 
a l l o y  f i l l e r  wire w a s  10,500 p s i .  
U. S. Patent  ~ , 7 9 0 , 6 5 6 ~ ~  r e l a t e s  t o  a method f o r  j o i n i n g  aluminurn t o  
s t e e l  and copper. The method was p r imar i ly  developed where h igh  j o i n t  
conduct iv i ty  and e l eva ted  s t r e n g t h  were needed f o r  j o i n i n g  e l e c t r i c a l  
bus b a r s  made from the  above d i s s i m i l a r  metals. The j o i n i n g  is accom- 
p l i s h e d  by f i r s t  coa t ing  the  s t e e l  o r  copper wi th  a s i l v e r  braze  a l l o y  
followed by GTA welding t h e  d i s s i m i l a r  metal  t o  aluminum us ing  a n  
aluminum a l l o y  f i l l e r  wire. 
U. S. Patent  2,239,01815 r e l a t e s  t o  a f l u x  which i s  used f o r  welding 
aluminum t o  copper. The f l u x  i s  composed of alkali metal h a l i d e s  
and 20 p e r  cent  cadmium chlor ide .  
c h l o r i d e  decomposes and d e p o s i t s  m e t a l l i c  cadmium which i n c r e a s e s  
w e t t a b i l i t y  of t he  copper and permi ts  welding us ing  aluminum a l l o y  
f i l l e r  wire. 
A t  welding temperatures  t h e  cadmium 
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BRAZING AND SOLDERING 
Aluminum a l l o y s  can  be d i p  o r  t o r c h  brazed t o  precoated s t e e l  o r  copper. 
The aluminum s i l i c o n  a l l o y s  (1070OF mel t ing  p o i n t )  are used as t h e  
braz ing  f i l l e r  metal .  The l i t e r a t u r e  survey i n d i c a t e s  t h a t  c y l i n d r i c a l  
parts up t o  6 inches  i n  diameter  have been jo ined  by this method. Sol- 
der ing  of  aluminum t o  s t e e l  and copper i s  e a s i l y  accomplished, u s ing  
l e a d - t i n  s o l d e r s ,  i f  both p a r t s  are pre t inned  p r i o r  t o  making t h e  j o i n t .  
Corrosion from t h e  f l u x  and d i s s i m i l a r  metal combinations is t h e  major 
problen wi th  so ldered  j o i n t s .  
Mi l l e r  
copper a l l o y s  i f  a z inc  base so lde r  and a n  a c t i v e  f l u x  is  used. 
Aluminum may be s o f t  so ldered  t o  almost any a l l o y  i f  t h e  aluminum is  
p re t inned  wi th  a z inc  base so lde r  and t h e  d i s s i m i l a r  a l l o y  is pre-  
t i nned  with a l e a d - t i n  so lde r .  The p a r t s  are then  cleaned and jo ined  
us ing  a l e a d - t i n  and r e s i n  f lux .  
Miller '  r e p o r t s  that aluminum a l l o y s  may be brazed t o  s t e e l  a l l o y s  
by t h e  t o r c h  o r  d i p  methods providing t h e  s t e e l  i s  precoated.. The b e s t  
coa t ing  f o r  s t e e l  is aluminum o r  aluminum a l l o y s  app l i ed  by ho t  dipping.  
E l e c t r o p l a t i n g s  of  copper,  n i cke l ,  i r o n  o r  z inc  on t h e  s t e e l  promote 
we t t ing  and have been used success fu l ly .  
Orysh, Betz and Hussey12 t e s t e d  brazed s i n g l e  l a p  shea r  specimens 
produced by two companies. The tes t  r e s u l t s  a r e  as fol lows:  
1 r e p o r t s  that aluminum may be d i r e c t l y  so ldered  t o  s t e e l  and 
Company A 
Three specimens of 0.125l' 6061 aluminum were jo ined  t o  . l25" 1020 s t e e l  
( . l 25  inch  over lap)  wi th  718 braze a l l o y  and hea t  t r e a t e d  t o  6 0 6 ~ ~ 6  
a f t e r  brazing. 
The average t e n s i l e - s h e a r  s t r e n g t h  w a s  6500 p s i .  
Company B 
Ten specimens of  . l25  inch  3003 aluminum a l l o y  were brazed t o  .125 inch  
347 s t a i n l e s s  s t e e l  (.125-inch overlap) .  
The average t ens i l e - shea r  s t r e n g t h  w a s  9,600 p s i .  
The Bi-Braze Corporation16 repor ted  t h e  r e s u l t s  on t e s t i n g  performed on 
1 and 2-inch diameter  304 s t a i n l e s s  s t e e l  tubes  d i p  brazed t o  6061 
aluminum a l l o y .  The j o i n t s  were thermal ly  cycled 20 times from R.T. 
t o  -320°F without  l o s s  of s t r e n g t h  o r  without  l eak ing  when inspec ted  
wi th  a helium l e a k  de tec to r .  
The Boeing Company17 f a t i g u e  t e s t e d  304 s t a i n l e s s  t o  6061 aluminum. 
a l l o y  d i p  brazed j o i n t s .  The s t e e l  tube w a l l  was .O32 i nches  and w a s  
brazed i n t o  a 6061 aluminum s l eeve  having a w a l l  t h i c k n e s s  of .O9O 
inches.  The j o i n t  over lap  w a s  .500 i nches  and 718 aluminum a l l o y  was 
used f o r  brazing. The specimens were t e s t e d  t o  f a i l u r e  a t  -320OF. 
A l l  f a i l u r e s  occurred i n  t h e  s t ee l  tube.  
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DIFFUSION BONDING 
Aluminum a l l o y s  have been d i f f u s i o n  bonded t o  d i s s i m i l a r  metals us ing  
h igh  p res su res  and a t  temperatures  vary ing  from RT t o  1100OF. 
d i f f u s i o n  bonding of aluminum t o  d i s s i m i l a r  meta ls  a t  lower p re s su res  
and temperature r e q u i r e s  t h e  metals t o  be e l e c t r o p l a t e d  wi th  a metal 
such as s i l v e r ,  gold,  n i c k e l  o r  zinc. D i f fus ion  bonding has  been 
r e f e r r e d  t o  by s e v e r a l  terms such as p res su re  welding and co ld  welding. 
A l l  p rocesses  which are r e l a t e d  t o  d i f f u s i o n  methods are included i n  
t h i s  s ec t ion .  
U. S. Pa ten t  2,908,07318 relates t o  methods f o r  bonding aluminum a l l o y s  
t o  s tee l  and copper a l l o y s .  
j o i n i n g  f la t  p l a t e s  of aluminum t o  s t e e l  f o r  u se  i n  t h e  manufacture of 
e l e c t r i c  f l a t  i r o n s  and cooking u t e n s i l s .  P r i o r  t o  jo in ing ,  bo th  t h e  
aluminum and t h e  d i s s i m i l a r  a l l o y  are cleaned by mechanical o r  chemical 
means. The p a r t s  being jo ined  a r e  pressed  toge the r  t o  exclude a i r  from 
the  j o i n t  and are hea ted  t o  a temperature range of  700 t o  950°F. 
Pressure  is inc reased  t o  cause the aluminum t o  flow l a t e r a l l y .  The 
p res su re  r equ i r ed  v a r i e s  from 15,000 t o  50,000 p s i  depending on t h e  
temperature  used. The aluminum th i ckness  i s  reduced from 10 t o  50"k 
dur ing  bonding. 
have h igh  p e e l  s t r e n g t h  and without t h e  formation of in te rmedia te  
phases. 
Dulinlg d i s c u s s e s  v a r i o u s  a p p l i c a t i o n s  f o r  t he  p re s su re  bonding of 
aluminum t o  s t e e l  and copper a l l o y s  us ing  t h e  p rocess  descr ibed  i n  
t h e  above pa ten t .  
a l l o y s  bonded t o  s t a i n l e s s  steel f o r  f a b r i c a t i o n ,  f l a t  i r o n s ,  cooking 
u t e n s i l s  and t r a n s i t i o n  tubes.  
Wood2' i n  a n  a r t i c l e  d i s c u s s e s  f a b r i c a t i o n  methods which may be used 
on s t a i n l e s s  s t e e l  c l a d  aluminum ( c l a d  by t h e  above process) .  The 
a r t i c l e  states t h a t  t h e  aluminum s u r f a c e  of  t h e  s t e e l  c l a d  aluminum 
may be brazed t o  o t h e r  aluminum a l l o y s  by t o r c h  o r  d i p  methods and 
t h a t  the  s t e e l  s u r f a c e  may be a rc  welded t o  o t h e r  s tee l  a l l o y s .  
Cooke and Levy2' i n v e s t i g a t e d  the d i f f u s i o n  bonding of va r ious  aluminum 
a l l o y s  t o  18-8 s t a i n l e s s  s t e e l .  Both metal combinations were i n  t h e  
b a r e  condi t ion.  D i f fus ion  bonding w a s  accomplished by t h e  fol lowing 
t h r e e  methods: 
The 
The methods o u t l i n e d  are adap tab le  f o r  
The p a t e n t  c la ims bonded j o i n t s  can  be obta ined  which 
A number of examples are descr ibed  of aluminum 
1. By p res s ing  a bar of aluminum t o  a b a r  of stainless s t e e l  
( b u t t  j o i n t ) .  A t  t h e  des i red  p r e s s u r e  and temperature  the  
b a r s  were twi s t ed  i n  r e l a t i o n  t o  each o t h e r  t o  produce the  
bonded j o i n t .  
A l l  
2, By i n s e r t i n g  a tapered  s t a i n l e s s  s t e e l  rod i n t o  a tapered  
hole of a n  aluminum block and hea t ing  t o  the  d e s i r e d  
temperature followed by p res su re  t o  f o r c e  t h e  s t e e l  rod 
i n t o  the  tapered  hole  t o  produce the  bonded j o i n t .  
3. By p res s ing  a n  aluminum a l l o y  block a g a i n s t  a s t a i n l e s s  
s t e e l  block ( b u t t  j o i n t )  a t  the  des i r ed  temperature.  
Pressures  approximating fou r  times t h e  y i e l d  s t r e n g t h  were 
used. Both parts were enclosed i n  a d i e  t o  prevent  t h e  
aluminum from flowing. 
The above t e s t s  were conducted a t  temperatures  from 400 t o  850°F. 
Tens i l e  s t r e n g t h  of t h e  bonded j o i n t s  va r i ed  from 10,000 t o  30,000 p s i .  
A l l  t es t s  were conducted i n  air. P r i o r  t o  bonding, t h e  p a r t s  were 
cleaned by mechanical methods. 
K o ~ i a r s k i ~ ~ , ~ ~  d i scusses  a p p l i c a t i o n s  where u l t r a s o n i c  welding has  been 
used t o  j o i n  321 s t a i n l e s s - s t e e l  t o  6061 aluminum a l l o y .  
welds having h igh  shea r  s t r e n g t h  can be made without  c racking  of  t h e  
base  metal or  development of  b r i t t l e  in te rmedia te  phases.  
w a s  encountered when a c i r c u m f e r e n t i a l  seam weld w a s  made t o  j o i n  a 
321 s t e e l  t o  a 6061 aluminum a l l o y  f lange.  Both materials were .031 
i nches  th ick .  The sonotrode f o r c e  and v i b r a t i o n  caused a cumulative 
flow of t h e  a l l o y s  and r e s u l t e d  i n  welds t h a t  leaked and i n  base metal  
cracking.  
Single s p o t  
D i f f i c u l t y  
inves t iga t ed  low temperature d i f f u s i o n  bonding of 2219, 6061 
and 7075 aluminum a l l o y s  i n  t h e  bare ,  and e l e c t r o p l a t e d  cond i t ion ,  and 
by us ing  metal  f o i l s  p laced  between t h e  ba re  aluminum a l l o y s .  
d i f f u s i o n  bonding w a s  accomplished by pre loading  t h e  specimens and us ing  
a n  a i r  atmosphere, 
A l l  
A l l  bonding w a s  done us ing  s i m i l a r  alloy combinations. 
The 6061 and 2219 a l l o y s  were d i f f u s i o n  bonded a t  450°F us ing  h igh  
p res su re  but  without  y i e l d i n g  t h e  base metal. 
approximately 3500 p s i .  
o f  6700 ps i .  
Young and Jones25 d i s c u s s  t h e  j o i n i n g  of s e v e r a l  a l l o y  combinations by 
d i f f u s i o n  bonding i n  vacuum, us ing  h igh  temperature  and p res su res .  
combinations t h a t  were s u c c e s s f u l l y  bonded and produced d u c t i l e  j o i n t s  
were columbium Cb-1Zr a l l o y  t o  molybdenum Mo-1/2 T i  a l l o y ,  copper t o  
columbium Cb-1Zr a l l o y ,  copper t o  316 s t a i n l e s s  s t e e l  and molybdenum 
Mo-1/2 T i  a l l o y  t o  Renet 41. 
Neiman, Sopher and Rieppe126 i n v e s t i g a t e d  t h e  d i f f u s i o n  bonding of 
beryllium-copper t o  Monel. 
copper,  t h e  bonding was accomplished below 1000OF. 
state bonding a t  low temperature  the  a u t h o r s  decided t h a t  both the  
beryllium-copper and Monel should be e l e c t r o p l a t e d  p r i o r  t o  bonding. 
The s h e a r  s t r e n g t h s  were 
S i l v e r  p l a t e d  specimens gave a shea r  s t r e n g t h  
Alloy 
To r e t a i n  the  s t r e n g t h  of  t h e  beryl l ium- 
To accomplish s o l i d  
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The major i ty  of t h e  d i f f u s i o n  bonding w a s  performed a t  650°F ( i n  i n e r t  
atmosphere) which is the  age hardening temperature  of  t h e  beryl l ium 
copper (Cu-2Be) a l l o y .  A bonding p res su re  of 6500 p s i  w a s  found t o  be 
adequate.  
I n  a l l  t es t s  two p l a t i n g  metals were used, one on t h e  beryllium-copper 
and a d i f f e r e n t  metal  on the  Monel. 
u s ing  gold-copper and go ld - s i lve r  p l a t i n g  combinations. These combina- 
t i o n s  gave shea r  s t r e n g t h s  of  13,000 p s i .  
Parks27 r e f e r s  t o  s o l i d  state d i f f u s i o n  bonding as r e c r y s t a l l i z a t i o n  
welding. The a u t h o r  s t a t e s  t h a t  i n  o r d e r  t o  e s t a b l i s h  a m e t a l l i c  bond 
t h e  metals must be brought i n t o  in t ima te  con tac t  a t  a temperature  which 
corresponds t o  o r  exceeds t h e i r  r e c r y s t a l l i z a t i o n  temperature.  During 
r e c r y s t a l l i z a t i o n  t h e  t h i n  s u r f a c e  f i l m  which e x i s t s  on a l l  meta ls  i s  
be l ieved  t o  coa lesce  and permit atomic r e g i s t r y  between the  metals 
dur ing  t h e  formation o f  the  new c r y s t a l l i n e  s t r u c t u r e ,  
Good d i f f u s i o n  bonding was obta ined  
The a r t i c l e  lists t h e  r e c r y s t a l l i z a t i o n  temperature f o r  s e v e r a l  meta ls  
and shows t h e i r  r e c r y s t a l l i z a t i o n  temperature  dec reases  as t h e i r  per-  
centage of  co ld  work increases .  
a t u r e  varying from 230 t o  4820F, aluminum (1100 a l l o y )  from 510 t o  6 8 5 0 ~ ~  
i r o n  from 770 t o  9 6 8 0 ~  and n i c k e l  from 780 t o  1157OF. The h ighe r  
temperatures  f o r  each metal shown above is f o r  approximately 1% cold 
work and t h e  lower temperature i s  f o r  approximately 9Q?h co ld  work, 
S i l v e r  has  a r e c r y s t a l l i z a t i o n  tern_oer- 
The bond shea r  s t r e n g t h  of s e v e r a l  a l l o y s  w a s  determined by making s i n g l e  
l a p  specimens i n  a manner similar t o  spo t  welding. The e l e c t r o d e s  were 
hea ted  wi th  nichrorne wire. Electrode p res su re  w a s  not  measured but  was 
a p p l i e d  t o  a degree which would produce 5 t o  1Oob i n d e n t a t i o n  i n t o  the  
metal .  The bond nugget diameter  was approximately 0.150 inches.  A l l  
t e s t  work repor ted  was f o r  t he  welding of  similar a l l o y s .  The fol lowing 
t a b l e  g i v e s  t y p i c a l  shea r  va lues  f o r  va r ious  bonding temperatures.  
d a t a  i n d i c a t e s  t h a t  bonding temperatures  which exceed t h e  c r y s t a l l i z a t i o n  
temperature  were requi red .  
The 
Me ta l  Temp. Bonding Time Shear S t r eng th  
O F  Minutes P s i  
SAE 1020 730 2 
800 2 
900 2 
1100 Aluminum 415 15 
461 1.5 
517 15 
S i l v e r  Clad 205 1 











15 i 600 
22,400 
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P r i o r  t o  welding, t he  metals were cleaned chemically followed by some 
type  of mechanical c l ean ing  such as sc rap ing  o r  wire brushing. 
s u r f a c e s  m u s t  be free of oxide f i lm  and any contaminat ion t o  produce 
good welds. The 1100 aluminum a l l o y  l o s t  h a l f  of its weld s h e a r  
s t r e n g t h  i f  welding w a s  delayed 60 minutes a f t e r  c leaning.  This  was 
a t t r i b u t e d  t o  the  development of a n  oxide f i l m  dur ing  the  60 minute 
holding period. 
Miller and Oyler28 i n v e s t i g a t e d  t h e  f e a s i b i l i t y  of s o l i d  phase p re s su re  
welding of 1100, 3003, 5052, 7075 and 6061 aluminum a l l o y s .  
time and pressure  cyc le s  were used while  varying t h e  bonding tempera- 









Success fu l  s o l i d  phase welding could be accomplished a t  any temperature  
provid ing  p res su re  w a s  h igh  enough t o  cause metal  f low which would b r i n g  
t h e  meta l  i n t o  in t ima te  con tac t  and break s u r f a c e  oxide f i l m s .  The 
b e s t  r e s u l t s  were obtained when bonding temperatures  were above 6000~. 
Surface  contamination was found t o  be extremely de t r imen ta l  t o  the  
formation of a success fu l  weld. Wire brushing was found t o  be t h e  most 
s a t i s f a c t o r y  method f o r  s u r f a c e  prepara t ion .  Etching t h e  aluminum wi th  
15% hydrof luor ic  a c i d  was a s a t i s f a c t o r y  c leaning  method when bonding 
a t  e leva ted  temperatures.  
The optimum m a t e r i a l  deformation f o r  6061 and 7075 aluminum a l l o y  
(caused by bonding p res su re )  was found t o  be approximately 50 p e r  cent  
as determined by s t a t i c  t e s t i n g  of  s i n g l e  l a p  j o i n t s .  The fol lowing 
t a b l e  shows t h e  s h e a r  s t r e n g t h s  f o r  6061 and 7075 aluminum a l l o y s  
welded a t  room temperature.  
Successfu l  s o l i d  phase welding of  aluminum a l l o y s  depends on ternpera- 
t u r e  pressure  and time. 
a n  inc rease  of one o r  both of t he  o t h e r  v a r i a b l e s ,  
A decrease  of any one o f  t h e  v a r i a b l e s  r e q u i r e s  
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A small e f f o r t  was devoted t o  s o l i d  phase welding of  aluminum t o  o t h e r  
metals. 
s t e e l  u s ing  a 5300 psi  pres su re ,  a t  1170°F temperature  and f o r  a time 
of  7 minutes. 
A success fu l  l a p  j o i n t  was made between EC-0 Aluminum and mild 
B u t t s  and Van D ~ z e e ~ ~ s t u d i e d  t h e  t ime-temperature-pressure r e l a t i o n -  
s h i p s  f o r  p re s su re  welding of s i l v e r .  Also cons iderable  e f f o r t  w a s  
g iven  t o  determine the  e f f e c t  of s u r f a c e  contaminat ion on t h e  bonding 
of t h e  s i l v e r .  
The a u t h o r s  s t a t e d  t h a t  no f i r m  bond w a s  obtaified below the  r e c r y s t a l -  
l i z a t i o n  temperature  (199OC) of  the  s i l v e r .  S o l i d  state d i f f u s i o n  
bonds were obta ined  i n  l e s s  than  one hour when a temperature  of  b O ° C  
and bonding p res su re  of 30,000 p s i  w a s  used. 
Thin f i l m s  of fo re ign  matter were in t roduced  between s i l v e r  s t r i p s  t o  
determine t h e i r  e f f e c t  on t h e  welding. Substances used f o r  contamina- 
t i n g  t h e  su r face  were copper oxide,  i r o n  oxide,  s i l v e r  oxide,  aluminum 
oxide,  s i l v e r  s u l f i d e  * charcoa l ,  minera l  o i l ,  ta lc  and l u b r i c a t i n g  
grease .  None of  t h e  f i l m s  ma te r i a l ly  reduced the  bonding of  t h e  j o i n t .  
The a u t h o r s  b e l i e v e  t h a t  t he  high bonding p res su re  des t roys  the  cont in-  
u i t y  of t h e  f i l m  and pe rmi t s  i t  t o  coa lesce  i n t o  p a r t i c l e s .  
r e s u l t a n t  f i n i t e  p a r t i c l e  area is not  g r e a t  enough t o  cause a n  apprec i -  
a b l e  l o s s  i n  s t r eng th .  
Orysh, Betz and Hussey'' i n v e s t i g a t e d  procedures  f o r  d i f f u s i o n  bonding 
3003 aluminum a l l o y  t o  304 s t a i n l e s s  s t e e l  and 2024 aluminum a l l c y  t o  
1020 s t e e l .  
a l l o y  (BAg-10) us ing  a n  oxyacetylene torch .  
ground f l a t  t o  a th i ckness  of  .005 inches .  
The 
I n  a l l  cases  t h e  s t e e l  w a s  precoated wi th  a s i l v e r  b raz ing  
The s i l v e r  l a y e r  w a s  t hen  
P r i o r  t o  bonding, t h e  s i l v e r  layer  w a s  c leaned wi th  a l c o h o l  and t h e  
aluminum w a s  chemical ly  c leaned us ing  a n  a l k a l i n e  e t c h  followed by 
d i l u t e  n i t r i c  a c i d  and water r inse .  
t u r e s  vary ing  from 200°F t o  8W°F us ing  p res su re  f o r  a time of  two 
minutes. 
temperature  o f  8000~  and a pressure  of 2400 p s i  (2.3% j o i n t  deformation)  
as being optimum. 
Bonding w a s  a t tempted a t  tempera- 
From this sc reen ing  t e s t  t h e  a u t h o r s  s e l e c t e d  a bonding 
The fo l lowing  t a b l e  shows the  shear  t e s t  r e s u l t s  f o r  s i l v e r  coated 
1020 s t e e l  bonded t o  2024 aluminum a l l o y .  
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*Average of t h r e e  specimens 
Metallographic i n s p e c t i o n  revea led  t h a t  d i f f u s i o n  had not  occurred 
uniformly a c r o s s  t h e  j o i n t  i n t e r f a c e .  
Hess and Nippes3O i n v e s t i g a t e d  t h e  j o i n i n g  of  aluminum t o  s t e e l  by 
r e s i s t a n c e  welding. The a p p l i c a t i o n  w a s  f o r  j o i n i n g  aluminum coo l ing  
f i n s  t o  SAE 4140 s t e e l  a i r c r a f t  engine cy l inde r s .  
determined t h a t  t he  r e s i s t a n c e  welding had t o  be accomplished without  
mel t ing  of the  s t e e l  because of  t h e  formation of b r i t t l e  i ron-aluminide 
phases  a t  t h e  i n t e r f a c e .  It was a l s o  necessary t o  c r e a t e  a weld ( o r  
bond) without hea t ing  t h e  s t e e l  above its aus t en iz ing  temperature  t o  
prevent  a m a r t e n s i t i c  s t r u c t u r e  from forming dur ing  coo l ing  of t he  
weld ( o r  bond). 
The a u t h o r s  
Although aluminum (3003 a l l o y )  could be r e s i s t a n c e  bonded t o  a SAE 
4140 without overhea t ing  of t h e  s t e e l ,  t he  welds always f a i l e d  i n  a 
b r i t t l e  manner because of  t h e  iron-aluminide which formed a t  t h e  
i n t e r f a c e .  From t h i s  the  a u t h o r s  de t e rn ined  t h a t  a t h i r d  metal 
( loca t ed  between the s t e e l  and aluminum) w a s  necessary t o  prevent  t h e  
d i r e c t  contac t  of  t h e  s t e e l  and aluminum. Because of t he  d i f f i c u l t y  
of us ing  metal f o i l s  a l l  t e s t  work was done by welding ba re  (c leaned)  
aluminum t o  e l e c t r o p l a t e d  s teel .  
The metals used f o r  p l a t i n g  were t i n ,  z i n c ,  s i l v e r ,  copper ,  n i c k e l ,  
chromium and cadmium. The a u t h o r s  recognized t h a t  a l l  of  t h e  above 
a l l o y s  could form in t e rmed ia t e  phases  wi th  e i t h e r  t h e  aluminum o r  wi th  
t h e  s t e e l  i f  t h e  temperature  and a l l o y  c o n c e n t r a t i o n  were of a n  unfavor- 
a b l e  magnitude dur ing  t h e  r e s i s t a n c e  h e a t i n g  cycle .  
Bare (cleaned)  aluminum was r e s i s t a n c e  bonded t o  b a r e  and p l a t e d  s t e e l  
us ing  800 pound e l ec t rode  f o r c e  and 10 c y c l e s  welding time. Current  
was var ied  t o  produce the  d e s i r e d  p e n e t r a t i o n  i n t o  t h e  aluminum s i d e  
o f  t h e  j o i n t .  A p l a t i n g  th i ckness  of 1/4 t o  1/2 m i l  w a s  found t o  be 
adequate  f o r  bonding. 
of  test  se l ec t ed  from data presented.  F a i l u r e s  were c l a s s i f i e d  as 
(1)  d u c t i l e  t e a r  (DT) when a nugget was p u l l e d  from t h e  aluminum, ( 2 )  
d u c t i l e  shear  (DS)  when the  bond f a i l e d  a t  t h e  i n t e r f a c e  a f t e r  cons ider -  
a b l e  bending of t h e  aluminum had taken p l a c e  and (3)  b r i t t l e  shea r  (BS) 
The fol lowing t a b l e  g i v e s  t y p i c a l  shea r  s t r e n g t h  
~ 1 6  
when t h e  bond f a i l e d  a t  t h e  i n t e r f a c e  without any bending of  t he  
aluminum shee t .  
Cleaning requirements and p l a t i n g  procedures  used on t h e  s t e e l  are 
ou t l ined  i n  d e t a i l  i n  t h e  a r t i c l e .  The a u t h o r s  s ta te  that p l a t i n g  
procedures  must be r i g i d l y  con t ro l l ed  because much of the bond s t r e n g t h  
o f  t he  j o i n t  depends upon the  adherence o f  t h e  p l a t i n g  t o  t h e  s tee l .  
S i l v e r  was s e l e c t e d  as t h e  most d e s i r a b l e  metal f o r  p l a t i n g  p r i o r  t o  
r e s i s t a n c e  j o i n i n g  o f  t h e  aluminum t o  s tee l .  Copper w a s  considered 
s a t i s f a c t o r y  but  r equ i r ed  more r i g i d  welding c o n t r o l s  t o  prevent  
b r i t t l e  welds. 
Welding Pene tra- s p o t  
Current P l a t i n g  Thickness t i o n  Shear  F a i l u r e  
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Finke and Begeman 3 and boecker and Begemad’ developed r e s i s t a n c e  welding 
procedures  f o r  seam welding aluminum c l a d  s t e e l .  
c o a t i n g s  were eva lua ted ;  type 1 was a n  aluminum a l l o y  con ta in ing  8.5% 
Two types  of a l u a i n i z e d  
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s i l i c o n  and type 2 was commercially pure aluminum. Welding schedules  
were developed which va r i ed  from ze ro  p e n e t r a t i o n  t o  75% p e n e t r a t i o n  
i n t o  the  s t e e l  base metal. The welds without p e n e t r a t i o n  produced a 
bond by brazing t h e  aluminized s u r f a c e s  toge ther .  
t r a t e d  i n t o  t h e  s t ee l  the  aluminum coa t ings  were squeezed from t h e  
j o i n t ,  g iv ing  a s t e e l - t o - s t e e l  weld. 
When the  weld pene- 
Overlapping of t he  weld nuggets was d i f f i c u l t  t o  o b t a i n  us ing  the  Type 1 
coat ing ,  and e a s i l y  obtained when us ing  t h e  Type 2 coa t ing .  
l a c k  o f  nugget over lap  d id  not n e c e s s a r i l y  mean the  j o i n t s  were not  l e a k  
t i g h t  because of  t h e  brazing a c t i o n  t h a t  took p l ace  between the  aluminum 
coat ings .  Nugget vo ids ,  i n c l u s i o n  and cracks  were commonly observed; 
however, when t e s t i n g  t h e  weldments with a p i l l ow t e s t ,  t h e  f a i l u r e  
always occurred i n  t h e  s t e e l  base metal ad jacen t  t o  t h e  weld. 
However, 
MISCELLANEOUS METHODS 
Z i m ~ n e r ~ ~  d i s c u s s e s  a new technique f o r  j o i n i n g  two metals ( c a l l e d  
component A and Component B) which vary cons iderably  i n  t h e i r  chemistry 
and/or c o e f f i c i e n t  of thermal expansion. 
a t h i r d  member ( c a l l e d  a coupl ing)  be manufactured and i n s e r t e d  between 
the  two d i s s i m i l a r  metals.  The coupling would be made by powder metal- 
lurgy  and its composition would vary from end t o  end s o  t h a t  End A 
would be conpa t ib l e  wi th  Component A and End B would be coinpatible wi th  
Component B. 
t hen  be performed by welding or brazing. 
Stevens4 d i s c u s s e s  the  procedures used i n  j o i n i n g  s t ee l  t o  aluminum by 
c a s t i n g  t h e  aluminum around t h e  s t ee l  us ing  the  Al-Fin process .  
The a r t i c l e  proposes t h a t  
Jo in ing  of t he  coupl ing t o  t h e  d i s s i m i l a r  metals would 
J o i n t s  t e s t e d  by t h e  a u t h o r  were found t o  be p re s su re  t i g h t  when t e s t e d  
a t  1000 p s i  u s ing  n i t rogen  gas.  Socket type  j o i n t s  made of s t e e l  t o  
c a s t  aluminum develop s h e a r  s t r e n g t h  varying from 11,000 t o  17,500 p s i .  
Shear  t e s t s  conducted 500OF show no r educ t ion  i n  s t r e n g t h .  
Seal5 i n  a n  a r t i c l e  which desc r ibes  t h e  Al-Fin p rocess  i n  d e t a i l  
i nc ludes  d a t a  on t h e  thermal  c o e f f i c i e n t  of expansion of v a r i o u s  s t e e l  
and c a s t  aluminum a l l o y s  which are c u r r e n t l y  being jo ined  by t h i s  
process .  O f  p a r t i c u l a r  i n t e r e s t  and va lue  i s  t h e  fo l lowing  curve which 
shows t h e  maximum th i ckness  a n  ou te r  aluminum c a s t  s h e l l ,  can  be t o  
prevent  bond s e p a r a t i o n  when the  p a r t  is subjec ted  t o  e l eva ted  tempera- 
t u r e s .  
.4 
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HEAT TREATMENT 
Aluminum a l l o y s  which have been jo ined  t o  a d i s s i m i l a r  a l l o y  may be 
r e s o l u t i o n  hea t  t r e a t e d .  However, most i n v e s t i g a t o r s  have found t h a t  
exposure t o  e l eva ted  temperature  w i l l  cause a decrease i n  j o i n t  
s t r e n g t h  because of a formation of b r i t t l e  in te rmedia te  phases  a t  the  
j o i n t  i n t e r f a c e .  
prevent  j o i n t  f a i l u r e  from thermal  shock. 
Cooke and Levy21 showed t h a t  t he  aluminum t o  s t ee l  j o i n t s  d i f f u s i o n  
bonded (discussed on page 10) had a n  i n c r e a s e  i n  s t r e n g t h  i f  t h e  
p a r t s  were annealed a f te r  bonding. 
t r e a t e d  ( a i r  cooled)  and aged a l s o  developed more s t r e n g t h  i f  t h e  
s o l u t i o n  heat  treat temperature w a s  below 93OOF. Temperatures above 
930°F caused a h igh  i n c r e a s e  i n  d i f f u s i o n  rates and produced a t h i c k  
l a y e r  of  iron-aluminide a t  the  j o i n t  i n t e r f a c e  and reduced t h e  t e n s i l e  
s t r e n g t h  of t h e  j o i n t .  
Miller and Mason 
welds on s t a i n l e s s  s tee l  t o  aluminum j o i n t s  d e t e r i o r a t e d  upon exposure 
t o  e l eva ted  temperature.  
shea r  s t r e n g t h  50 p e r  c e n t  and exposure t o  900°F f o r  30 minutes reduced 
the  shea r  s t r e n g t h  40 per  cent .  Tylecote33 showed t h e  s t r e n g t h  of 
p re s su re  welds between aluminum and s t e e l  (bo th  i n  t h e  ba re  condi t ion)  
exposed a t  900°F for 30 minutes decreased from 375 pounds t o  a 150 
pound f a i l i n g  load. 
a t u r e s  caused a n  inc rease  i n  th i ckness  o f  t h e  iron-aluminide i n t e r f a c i a l  
zone. 
Resolut ion hea t  treated p a r t s  a r e  a i r  cooled t o  
P a r t s  which, when r e s o l u t i o n  h e a t  
2 presented  d a t a  showing how t h e  shea r  s t r e n g t h  of 
Exposure a t  7W°F f o r  5 hours  reduced t h e  
The a u t h o r s  be l i eved  t h a t  d i f f u s i o n  a t  t h e s e  temper- 
CORROSION RESISTANCE 
Corrosion of  a d i s s i m i l a r  meta l  j o i n t  i s  i n e v i t a b l e  i f  t h e r e  i s  a n  
e l e c t r o l y t e  present .  The degree o f  c o r r o s i o n  which takes  p l ace  i s  
dependent upon t h e  type of  e l e c t r o l y t e  and the  d i f f e r e n c e  of t h e  
e lec t romot ive  p o t e n t i a l  between the d i s s i m i l a r  a l l o y s .  
Young and Smith34 d i s c u s s  t h e  problem o f  ga lvanic  co r ros ion  between 
d i s s i m i l a r  metals. So lu t ion  p o t e n t i a l s  of s e v e r a l  metals and i n t e r -  
mediate compounds are l i s t e d  below, The magnitude of t h e i r  e f f e c t  
depends on t h e  na ture  of t h e  e l e c t r o l y t e  and d i f f e r e n c e  i n  p o t e n t i a l  
between t h e  a l l o y s  being joined.  The anode ( m a t e r i a l  with h ighes t  
p o t e n t i a l )  w i l l  be consumed by the e l e c t r o l y t e .  
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Singleton35 and ~ o w d ~ ~  d i s c u s s the  use  of h igh  mel t ing  s o l d e r s  f o r  
j o i n i n g  aluminum a l l o y s .  The s o l d e r s  which produce t h e  h ighes t  cor ro-  
s i o n  r e s i s t a n c e  f o r  aluminum are t h e  pure  z i n c  (787°F mel t ing  p o i n t )  o r  
z inc  con ta in ing  small amounts of aluminum o r  magnesium. Dowd g i v e s  t h e  
fol lowing e l e c t r o d e  p o t e n t i a l s  f o r  s e v e r a l  meta ls  f o r  a 1 N  N a C l  + .3% H202 
s o l u t i o n  when us ing  a Decinormal Calomel r e fe rence  e l ec t rode .  
Electrode P o t e n t i a l s  
Zinc -1.10 
Aluminum - .83 
I r o n  - .63 
Tin - .49 
Copper - .20 
S i l v e r  - .08 
Nickel - .07 
D O S S ~ ~  i n v e s t i g a t e d  methods f o r  c o a t i n g  t r i m e t a l  assembl ies  made up of 
s t e e l ,  aluminum and magnesium. The b e s t  c o a t i n g  w a s  found t o  be t i n  
which w a s  app l i ed  by dipping the trimetal assembly i n  a n e u t r a l  (pH7) 
A21 
stannous pyrophosphate p l a t i n g  so lu t ion .  A l l  t h r e e  metals were p l a t e d  
wi th  t i n  without chemical a t t a c k  t o  the  base metals. The t i n  coated 
assembl ies  showed good r e s i s t a n c e  t o  ga lvanic  co r ros ion  when t e s t e d  i n  
a salt fog environment. 
S toehr  and Collins13 subjec ted  GTA s p o t  welded s tee l  t o  aluminum specimens 
as descr ibed on page 6 t o  3-l/2% N a C l  spray  t e s t  for 42 days. 
aluminum t o  aluminized s t e e l  specimen showed minor s u r f a c e  p i t t i n g .  
welds on aluminum t o  bare  and t o  galvanized s t e e l  permi t ted  co r ros ion  





1. Miller, M. A., IIJoining of Aluminum t o  Other MetalsT1, The 
Welding Journa l ,  32 ,  730-740, August, 1953 . 
2. Miller, M. A., and Mason, E. W.,  "P rope r t i e s  of  Arc-Welded 
J o i n t s  B etween Aluminum and S t a i n l e s s  Steel ,  Welding Research 
Supplement, 35, 323s-328s, Ju ly ,  1956 . 
3. Finke, J., and Begeman, M. L., %earn Welding 20 Gage Aluminized 
S tee l " ,  Welding J o u r n a l  Supplement, 42, 371s-377s, August, 1963. 
4. Stevens,  C. E., "Bonding o f  S t e e l  t o  Cast Aluminum and Used 
Thereof", Metal Progress ,  326-331, March, 1949. 
5. S e a l ,  R. E., "Bonding Aluminum t o  Steel", A Technical  A r t i c l e  
produced by t h e  Arthur  Tickle  Engifieering Works, 21  Delevan 
Street ,  Brooklyn, N. Y. 
6. Andrews, D. R., ItWelding Mild S t e e l  t o  Aluminum and Its Alloys",  
Welding and Metal Fabr ica t ion ,  November, 1961. 
70 "S tee l  t o  Aluminum Brazing Process",  N a t i o r a l  U t i l i t i e s  Corpora- 
t i o n  (NUCO) , Monrovia, C a l i f o r n i a  
8. "Brazing of Aluminum t o  S t a i n l e s s  S t e e l l f ,  S o l a r  A i r c r a f t  Company 
Research Labora to r i e s ,  RDR No. 1118, April 15, 1959. 
9. Stroup,  P. T., and Purdy, G. A., I1Aluminum Coating of S t e e l  - A 
Compariscn of Various Processes",  Metals Progress ,  57, 59-63, 
128-130, January,  1950. 
10. Carson, R. W . ,  "How t o  Control  Rust", Product Engineering, 34, 
101-112, June 10, 1963. 
11. Lamb, H. J., Wheeler, J. J . ,  "The I d e n t i f i c a t i o n  of I n t e r m e t a l l i c  
Layers Formed on Aluminized S t e e l  by Means of t h e  Electron-Probe 
Microanalyzer", B u l l e t i n  of t h e  I n s t i t u t e  of Metals, 7, 150-152, 
January,  1964. 
12. Orysh, M. S., Betz,  I. G. ,  and Hussey, F. W.,  "Joining of  S t e e l  
and Other Wear Res i s t an t  Metals t o  Aluminum Alloys'!, Frankford 
Arsenal Technical  Memorandum ~64-8-1, ASTIC 000757, da ted  
August, 1963. 
13. Stoehr ,  R. A.,  and C o l l i n s ,  F. R., " G a s  Metal-Arc Spot Welding 
Aluminum t o  Other Metals", Welding Journa l ,  42, 302-308, Apr i l ,  
1963 
14. U. S .  Pa ten t  2,790,656, "Aluminum-Dissimilar Metal J o i n t  and 
Method of Making Same", L. A .  Cooke, Assignor t o  Kaiser  Aluminum 
and Chkmical Corp., Apr i l  30, 1957. 
A23 
15. U. S. Patent  2,239,018, Itwelding Method and Flux f o r  the  Samef!, 
W. A. Rogerson, Assignor t o  Aluminum Company of America, 
Apri l  22, 1941. 
16. !IBi-Metallic Brazing!!, Test  Report Produced by the  Bi-Braze Corp. , 
26 Delevan Street, Brooklyn, N. Y. 
17. W t e e l  t o  Aluminum Brasing", Document ~2-81106, The Boeing 
Company, S e a t t l e ,  Washington, January 24, 1964. 
18. U. S. Patent  2,908,073, "Method of Bonding Aluminum Metal t o  
Dissimilar Metal!!, C. H. Dulin, Assignor t o  the  Aluminum Company 
of America, dated October 13, 1959. 
19. Dulin, C. H., IIAlcoa Pressure - Bonding Processf1,  Alcoa Green 
Let te r ,  dated August, 1960. 
20. Wood, C. L., "A Technical Report on Duranel*. . . Stainless-Clad 
Aluminum11, Prepared by Alcoa Process Development Laboratories.  
21. Cooke, V. W., and Levy, A., Y5olid-Phase Bonding of Aluminum 
Alloys t o  S tee l t1 ,  Journa l  of Metals, 28-35, November, 1949. 
22. Koziarski,  J., "Design f o r  FIntigue i n  Welded A i r c r a f t  Structures1!, 
Welding Journa l ,  38, 565-575, June, 1959. 
23. Koziarski,  J., TJ l t rasonic  Weldingf1, Welding Journa l ,  40, 349-358, 
Apr i l ,  1961. 
24. Barta ,  I. M., ItLow Temperature Diffusion Bonding of Aluminum 
Alloys", Welding Journal  Supplement, 43, 241s-257s, June, 1964. 
25. Young, W. R. and Jones,  E. S., !!Joining of Refractory Metals by 
Brazing and Diffusion BondingI1, A i r  Force Technical Document 
Report No. ASD-TDR-63-88, January, 1963. 
26. Niemann, J. T., Sopher, R. R.,and Rieppel, P. J., l lDiffusion 
Bonding Below 10W°F, Welding Journa l  Supplement, 37, 337s-342~~ 
August , 1958. 
27. Parks, J. M. , "Recrys ta l l iza t ion  Weldingtl, Welding Research 
Supphnent ,  32, 209s-222s, May, 1953. 
28. Mil ler ,  M. A. ,  and Oyler, G. W . ,  "Pressure Welding Aluminum a t  
Various Temperatures!I, Welding Research Supplement , 30 , 486s-498s , 
October , 1951. 
29. B u t t s ,  A. ,  and Van Duzee, G. R., Wold Welding of  Si lver l l ,  Trans- 
ac t ions  of t h e  E lec t ro  Chemical Soc ie ty ,  74, 327-339, 1938. 
















PROCEDURE FOR PLATING 321 STAINLESS STEEL 
Vapor degrease.  
Cathodic c l ean  i n  a l k a l i n e  e l ec t roc l eane r .  
Anodic e l e c t r o e t c h  i n  60% H2s04 - 45 Sec. 
S t r i k e  i n  a l l  ch lo r ide  n i cke l  s t r i k e  - 30 Sec. 
S i l v e r  p l a t e  i n  Lea-Ronal p ropr i e t a ry  s i l v e r  p l a t i n g  
s o l u t i o n  - .0005 i nch  th ick .  
(Tap water  r i n s e  a f t e r  s t e p s  2 through 6) 
PROCEDURE FOR PLATING 2219 A L U M I N U M  ALLOY 
Vapor degrease.  
Soak c lean  i n  non-s i l ica ted  aluminum c leaner .  
Deoxidize a t  room temperature.  
Dip i n  n i t r i c -hydro f luo r i c  ac id  - 5 seconds. 
Z inca te  (convent ional  z inc  immersion ba th  f o r  aluminum). 
Remove z inc  by dipping i n  concentrated n i t r i c  ac id .  
Repeat s t e p  5. 
Copper s t r i k e  i n  convent icnal  Rochelle salt  copper 
cyanide p l a t i n g  s o l u t i o n  with 10.0-10.5 pH. 
of copper .00002 t o  .OOOO25 inch. 
Thickness 
S i l v e r  p l a t e  i n  Lea-Ronal p ropr i e t a ry  s i l v e r  p l a t i n g  
s o l u t i o n  - .001 i nch  th i ck .  
(Tap water r i n s e  a f t e r  s t e p s  2 through 9) 
. 
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. APPENDIX C 
PROCEDURE FOR PLATING 321 STAINLESS STEEL 
1. Vapor degrease.  
2. Cathodic c l e a n  i n  a l k a l i n e  e l e c t r o c l e a n e r .  
3 .  
4. 
Anodic e l e c t r o e t c h  i n  6% H2S04 - 45 Sec. 
S t r i k e  i n  a l l  ch lo r ide  n i c k e l  s t r i k e  - 30 Sec. 
5. Copper p l a t e  i n  convent ional  Rochelle salt copper cyanide 
p l a t i n g  s o l u t i o n  - .0005 inch th i ck .  
6. S i l v e r  p l a t e  i n  Lea-Ronal p r o p r i e t a r y  s i l v e r  p l a t i n g  
s o l u t i o n  - .OOO5 i nch  th ick .  
(Tap water r i n s e  a f t e r  s t e p s  2 through 6 )  
PROCEDURE FOR PLATING 2219 ALUMINUM ALLOY 
1. Vapor degrease.  
2. Soak c l e a n  i n  non-s i l ica ted  aluminum c leane r .  
3 .  Deoxidize a t  room temperature.  
4. Dip i n  n i t r i c - h y d r o f l u o r i c  a c i d  - 5 seconds. 
5. Zinca te  (convent ional  z inc  immersion ba th  f o r  aluminum). 
6. Remove z inc  by dipping i n  concentrated n i t r i c  ac id .  
7. Repeat s t e p  5. 
8. Copper s t r i k e  i n  conventional Rochelle salt  copper 
cyanide p l a t i n g  s o l u t i o n  with 10.0-10.5 pH. 
of copper .00002 t o  .000025 inch .  
S i l v e r  p l a t e  i n  Lea-Ronal p r o p r i e t a r y  s i l v e r  p l a t i n g  
s o l u t i o n  - .001 i nch  th ick .  
Thickness 
9. 
(Tap water r i n s e  a f t e r  s t e p s  2 through 9 )  
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